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Preface.
The f i r s t  p a r t  o f  t h i s  w ork i s  b e in g  p re p a re d  f o r  
p u b l ic a t io n  in  c o l la b o r a t io n  w i th  D r. T .H . Goodwin, to  
whom I  am in d e b te d  f o r  s u g g e s t in g  b o th  th e  p rob lem s 
in v e s t ig a te d  i n  t h is  T h e s is -
I  sh o u ld  l i k e  a ls o  to  exp ress  my s in c e re  th a n ks  
to  D r. Goodwin f o r  h is  c o n s ta n t in t e r e s t ,  encouragem ent 
and a d v ic e  th ro u g h o u t t h is  w o rk , and to  P ro fe s s o r  
R ob e rtso n  f o r  h e lp f u l  d is c u s s io n .
I  am g r a t e f u l  to  P ro fe s s o r  F .S . S p r in g  f o r  th e  
sample o f  2 :5  d icya n o  3 :6  d im e th y l p y ra z in e  and to  
Im p e r ia l C hem ica l In d u s t r ie s  L td .  f o r  th e  sample o f  
f u r o ic  a c id .
I  a ls o  w is h  to  th a n k  th e  D epartm ent o f  S c ie n t i f i c  
and I n d u s t r ia l  R esearch f o r  a M ain tenance A llo w a n c e .
Summary.
The c r y s t a l  and m o le c u la r  s t r u c tu r e s  o f  f u r o ic  a c id  
and o f  2 :5  d icya n o  3 :6  d im e th y l p y ra z in e  have been i n ­
v e s t ig a te d  by methods o f  X - ra y  a n a ly s is .
P a r t I . F u ro ic  A c id .
The u n i t  c e l l  o f  f u r o ic  a c id  was measured fro m  r o t a t io n  
ph o to g ra phs  abou t each o f  the  u n i t  c e l l  axes and fo u n d  to  be 
a = 10.24J?; b = 6 . 8 o i* ; c = 3.81& w ith  = 9 2 ° 5 7 ';
 ^ = 1 0 6 °1 0 T • The c r y s ta ls  th e re fo re  were
c la s s i f ie d  as t r i c l i n i c .  From th e  observed  d e n s ity ,  th e
number o f  m o le cu le s  in  th e  u n i t  c e l l  was c a lc u la te d  to  be 
tw o. Moving f i l m  pho to g ra phs  a b o u t each o f  the  th re e  u n i t  
c e l l  axes showed no s y s te m a tic  ab sence s ; th e  space g roup  
was assumed to  be P I ,  and t h i s  assum p tio n  was l a t e r  fo u n d  
to  be j u s t i f i e d .
Observed s t r u c tu r e  fa c to r s  f o r  a l l  p la ne s  h a v in g
2  s in  0  <C 2  in  th e  (h k o ) ,  (h o i)  and ( o k l)  zones were c a l ­
c u la te d  fro m  th e  e s t im a te d  in t e n s i t ie s  o f  r e f le c t io n s  r e ­
co rded  on m u lt ip le  f i l m  s e r ie s .
The p r e l im in a r y  in v e s t ig a t io n  o f  th e  s t r u c tu r e  o f  
f u r o ic  a c id  was c a r r ie d  o u t by t r i a l  s t r u c tu r e  m ethods; th e  
c o o rd in a te s  o f  t r i a l  s t r u c tu r e s  in  w h ich  re a s o n a b le  a g re e ­
ment between observed  and c a lc u la te d  s t r u c tu r e  fa c to r s  was 
fo u n d , were r e f in e d  by tw o -d im e n s io n a l F o u r ie r  s y n th e s e s .
The f i n a l  c o o rd in a te s  o b ta in e d  fro m  th e  In v e s t ig a t io n
a re  l i s t e d .  S t ru c tu re  fa c to r s  c a lc u la te d  fro m  these  c o ­
o rd in a te s  showed d is c re p a n c ie s  o f  1 2 . 1 $ , 16.9/* and 1 2 . 8 $ 
f o r  a l l  p la n e s  in  the  (h k o ) ,  (h o i)  and ( o k l)  zones re s p e c t iv e  
ly *
The bond le n g th s  c a lc u la te d  fro m  th e se  c o o rd in a te s  
a re  d is c u s s e d ; th e y  show t h a t  c o n s id e ra b le  resonance ta ke s  
p la c e  w i t h in  th e  r in g ,  and between th e  r in g  and the  c a rb o x y l 
g ro u p . Hydrogen bonds l i n k  the c a rb o x y l groups o f  two a d ­
ja c e n t  m o le c u le s . The fu ra n  r in g  was fo u n d  to  be p la n a r ,  
w i th  th e  p la n e  o f  th e  c a rb o x y l g roup  in c l in e d  to  the  p la n e  
o f  the  r in g  a t  an a n g le  o f  2 0 ° .
P a r t  I I . 2 :5  d ic y a n o  5 :6  d im e th y l p y ra z in e .
The u n i t  c e l l  d im ens ions  o f  2 :5  d icya n o  3 :6  d im e th y l 
p y ra z in e  were m easured fro m  r o t a t io n  pho tographs and found  
to  b e , a = 6 .1 4 $ ; b = 8 .7 1 $ ; c = 15 .43A , w i th  \
= 9 0 ° . The c r y s t a l  system  was th e re fo re  o r th o rh o m b ic ; 
t h i s  was c o n firm e d  by an e x a m in a tio n  o f  th e  symmetry o f  
o s c i l l a t i o n  ph o to g ra phs  ta ke n  a b o u t each o f  th e  u n i t  c e l l  
a x e s .
M oving f i l m  p h o tog raphs  showed s y s te m a tic  absences 
o f  r e f le c t io n s  w h ich  in d ic a te d  t h a t  the  space g roup  was 
^bca* From th e  observed  d e n s ity ,  th e  number o f  m o le cu les  
in  th e  u n i t  c e l l  was c a lc u la te d  to  be f o t i r .
O bserved s t r u c tu r e  fa c to r s  were c a lc u la te d  fro m  the
i n t e n s i t ie s  o f p la n e s  re c o rd e d  on m u lt ip le  f i l m  s e r ie s  f o r  
the  ( h o i)  zone. The s t r u c tu r e  was in v e s t ig a te d  by t r i a l  
s t r u c tu r e  m ethods, fo l lo w e d  by re f in e m e n t by F o u r ie r  and 
“ e r r o r ” s y n th e s e s .
The r e s u l t s  o f  th e  in v e s t ig a t io n  a t  p re s e n t in d ic a te  
th a t  th e  p la n e  o f  th e  m o le cu le  is  in c l in e d  to  th e  b -a x is  
a t  an a n g le  o f  a b o u t 3 0 ° . A t r i a l  s t r u c tu r e  in  t h is  p ro ­
je c t io n  showed a d is c re p a n c y  o f  3 0 -6 $ . Im provem ent o f  
t h is  d is c re p a n c y  to  2 5 .1 $  was n o te d  when an ap p ro x im a te  
e s tim a te  o f  the  c o n t r ib u t io n  o f  the  hyd rogen  atoms was 
in c lu d e d .
I t  i s  hoped th a t  re f in e m e n t w i l l  be p o s s ib le  by  
F o u r ie r  and “ e r r o r ” syn th ese s  m e th o d *.
Part I.
The C r y s ta l  and M o le c u la r  S tru c tu re  
o f
F u ro ic  A c id .
c c— c 
\ o /  \
OH
In t r o d u c t io n  *
Pew h e te r o c y c l ic  o x y g e n -c o n ta in in g  compounds have been 
s tu d ie d  by X - ra y  a n a ly s is *  An in v e s t ig a t io n  o f  th e  s t r u c tu r e  
o f  th e  sodium  brom ide d ih y d ra te  o f  s u c ro s e 1  has been c a r r ie d  
o u t in  re c e n t y e a rs ,  b u t ,  a p a r t  fro m  t h i s ,  l i t t l e  d e ta i le d  
work has been re c o rd e d . The p re s e n t in v e s t ig a t io n  was con­
ce rned  w ith  th e  s t r u c tu r e  o f  fu ra n o se  compounds. The p a re n t 
compound, fu ra n  C4.H4 O, is  a l i q u id  o f  lo w  b o i l in g  p o in t ,  and 
is  th u s  u n s u ita b le  f o r  in v e s t ig a t io n  by X - ra y  m ethods. I t  
h a s , how ever, been in v e s t ig a te d  by b o th  s p e c tro s c o p ic  and 
e le c t r o n  d i f f r a c t i o n  e x p e r im e n ts .
2 3 4E xa m in a tio n  o f  th e  in f r a - r e d  spec trum  ’ *' , com bined 
w ith  Hainan spectrum  r e s u l t s 5 , and o f  th e  u l t r a v i o l e t  a b s o rp t io n
6 7 Q
spe c trum  o f  fu ra n  9 9 showed th a t  th e  ob se rved  bands c o u ld  be 
e x p la in e d  on the  b a s is  o f  a p la n a r  m odel w i th  symm etry 
d e s c r ib e d  in  g roup  a n a ly s is  as Cgv « In  re c e n t in f r a - r e d  
in v e s t ig a t io n s ^ ,  a tte m p ts  were made to  c o r r e la te  th e  observed  
r o t a t io n a l  c o n to u rs  o f  the  bands w i th  va lu e s  f o r  th e  moment 
o f  i n e r t i a ,  w h ich  d i f f e r s  f o r  p la n a r  and b u c k le d  m o le c u la r  
s t r u c tu r e s .  I t  was fo u n d  th a t  d e f in i t e  c o n c lu s io n s  c o u ld  n o t  
be d raw n, s in c e  th e  change in  moment o f  i n e r t i a  f o r  s l i g h t  
b u c k lin g  was n o t v e ry  m arked.
W hile  q ia n t i t a t i v e  r e s u l t s  have n o t been o b ta in e d  fro m  
s p e c tro s c o p ic  a n a ly s is ,  i t  has been p o s s ib le  to  f i n d  some 
ev idence  o f  the  n a tu re  o f  the bonds i n  th e  r in g .  An exam ina­
t io n  o f  th e  a b s o rp t io n  s p e c tra  o f  some e s te rs  and amides o f
system  o f  d o u b le  bonds in  th a t  any a d d i t io n  to  th e  co n ju g a te d  
system  d is p la c e d  th e  a b s o rp t io n  cu rve  and maximum tow a rds  a 
lo n g e r  w a v e le n g th . On the  o th e r  hand , when an a c y c l ic  
system  was re p la c e d  by a fu ra n  n u c le u s , th e  d is p la c e m e n t o f  
th e  spec trum  was o n ly  a b o u t h a l f  as much, in d ic a t in g  th a t  
th e  fu ra n  n u c le u s  was n o t  e n t i r e l y  a c y c l ic .
More d e ta i le d  s t r u c t u r a l  a n a ly s e s  o f  fu ra n  have been 
c a r r ie d  o u t by  P a u lin g  and Schom aker*^ and b y  B e a c h ^ . In  
b o th  ca se s , th e  ca rb o n  to  ca rbo n  bond d is ta n c e s  in  th e  r in g  
were assumed, by an a lo g y  w i th  c y c lo p e n ta d ie n e , and the  carbon  
to  oxygen d is ta n c e s  c a lc u la te d  fro m  d a ta  o b ta in e d  by e le c t r o n  
d i f f r a c t i o n  e x p e r im e n ts . They fo u n d  th a t  th e re  was c o n s id e r ­
a b le  s h o r te n in g  o f  a l l  the  bond le n g th s  fro m  s in g le -b o n d  
le n g th s ,  and P a u lin g  and S ch o m a ke r^  suggested  th a t  t h is  was 
due to  c o n t r ib u t io n s  fro m  resonance s t r u c tu r e s  m aking use o f  
th e  unshared  e le c t r o n  p a i r  on th e  r in g  oxygen atom .
C h e m ic a lly , th e  e f f e c t  o f  t h i s  e x tra  resonance is  shown 
i n  th e  many a ro m a tic  p r o p e r t ie s  o f  f u r a n .  T h is  compound is  
in te rm e d ia te  i n  p r o p e r t ie s  between a c o n ju g a te d  d ie n e  and an a 
a ro m a tic  h y d ro c a rb o n . I t  re a c ts  l i k e  a c o n ju g a te d  d ie n e  w i th  
m a le ic  a n h y d r id e
q
fu ra n  showed th a t  th e  fu r a n  n u c le u s  a c te d  as an a c y c l ic
\
o
I n  o th e r  re a c t io n s  i t  shows a ro m a tic  p r o p e r t ie s ,  e . g . ,  i t
undergoes b ro m in a t io n ,  n i t r a t i o n ,  s u lp h o n a tio n  and c a t a ly t i c
h y d ro g e n a tio n . In d e e d , a t  one t im e , fu r a n  was c o n s id e re d  to
have ’■ sup e ra rom a tic " p r o p e r t ie s  compared w i th  benzene because
o f  i t s  g r e a te r  ease o f  h a lo g e n a t io n  and n i t r a t i o n ,  and th e
12
s e le c t iv e  c le a va g e  o f  the  o rg a n ic  le a d  compounds . However,
13a s tu d y  o f  the  amines o f  fu r a n  showed th a t  these  compounds 
d id  n o t  possess many o f  th e  c h a r a c t e r is t ic  re a c t io n s  o f  
a ro m a tic  am ines such  as ease o f  h y d ro ly s is  by aqueous a c id s  
and a lk a l ie s  and d ia z o t is a t io n .  Fu ran  m u s t, th e r e fo r e ,  
have weaker a ro m a tic  p r o p e r t ie s  th a n  benzene.
An a l t e r n a t iv e  th e o ry  to  a c c o u n t f o r  th e  r e la t i v e  ease 
o f  s u b s t i t u t io n  o f  fu r a n  compared w i th  benzene was p o s tu la te d  
fro m  a s tu d y  o f  the  d i r e c t in g  e f f e c t  o f  s u b s t i tu e n ts  i n  th e  
fu ra n  r i n g .  The c h a r a c t e r is t ic  d i r e c t in g  e f f e c t  o f  a ro m a tic  
s u b s t i tu e n ts  i s  c o n s p ic u o u s ly  in e f f e c t iv e  in  fu r a n .  When 
opposed by tendency tow a rds  s u b s t i t u t io n  in  the  (A - p o s i t io n ,  
even th e  s tro n g  m - d ire c t in g  sodium  io n  f a i l s  to  e x e r t  any 
in f lu e n c e  on th e  fu r a n  n u c le u s * ^ .  Such a f a i l u r e  in  an 
a ro m a tic  system  is  u s u a l ly  due to  the  p resence  o f  a s tro n g  
o r th o - p a r a - d i r e c t in g  in f lu e n c e  such as t h a t  o f  an e th e r  
(m ethoxy) g roup . The s u g g e s t io n  has th e re fo re  been made th a t  
fu ra n  i s  an in t e r n a l  e th e r  o f  a d ie n e  w h ich  e x h ib i t s  s e n s i­
t i v i t y  to  a c id s  and a lk a l ie s  in  common w ith  a l l  e th e rs  and 
shows a d d i t iv e  re a c t io n s  and 1 :4  a d d i t io n  p e c u l ia r  to  d ie n e s .
The tra n s fe re n c e  o f  th e  oxygen in t o  th e  r in g  s h o u ld  in t e n s i f y  
th e  u s u a l a c t iv a t in g  in f lu e n c e  o f  th e  e th e r  g ro u p , and th e r e ­
fo r e  th e  enhancement o f  those  p r o p e r t ie s  such  as l a b i l i s i n g  
th e  o -h yd rog e n  atom  g iv in g  fo r m a l e le c t r o n e g a t iv i t y  to  th e  
o -c a rb o n  atom  le a d s  to  e a s ie r  s u b s t i t u t io n ,  p re d o m in a n t ly  in  
th e  o r th o -  ( i . e . ,  c* - )  p o s i t io n .
An a c c u ra te  d e te rm in a t io n  o f  th e  s t r u c tu r e  o f  fu r a n  and 
i t s  d e r iv a t iv e s  s h o u ld , th e r e fo r e ,  be o f  in t e r e s t  in  d e te r ­
m in in g  th e  n a tu re  and e x te n t  o f  th e se  v a r io u s  in f lu e n c e s  in  
th e  m o le c u le .
S ince  fu r a n  i s  a l i q u i d  o f  lo w  b o i l i n g  p o in t  (3 2 °C ), i t  
was u n s u ita b le  f o r  X -ra y  a n a ly s is .  A s o l i d ,  o f  re a s o n a b le  
s t a b i l i t y ,  was r e q u ir e d ,  and th e  d e r iv a t iv e ,  (A - f u r o i c  a c id ,  
o r  py rom u c ic  a c id ,  seemed s u i t a b le .  I t  c o u ld  be
o b ta in e d  as a c r y s t a l l i n e  s o l i d  o f  f a i r l y  h ig h  m e lt in g  p o in t  
(1 3 3 °C ). An in v e s t ig a t io n  o f  th e  s t r u c tu r e  o f  t h is  compound 
by th e  methods o f  X - ra y  a n a ly s is  w as, th e r e fo r e ,  c a r r ie d  o u t*
5.
EXPERIMENTAL
1) P re p a ra t io n *
The sample o f  f u r o ic  a c id  was o b ta in e d  fro m  Im p e r ia l  
C hem ica l In d u s t r ie s  L td .  as a brown amorphous powder* 
P u r i f i c a t io n  was c a r r ie d  o u t b y  t re a tm e n t w i t h  a n im a l c h a r ­
c o a l and s lo w  c r y s t a l l i z a t i o n  fro m  h o t  w a te r .  C o lo u r le s s ,  
p la t e - l i k e  c r y s t a ls ,  m .p . 133°C were o b ta in e d  i n  t h is  way 
and re p e a te d  a tte m p ts  to  o b ta in  c r y s t a ls  e q u a l ly  d e ve lo p e d  
in  a l l  d i r e c t io n s  were u n s u c c e s s fu l.
2) O p t ic a l  E x a m in a tio n *
a ) * M ic ro s c o p ic  E x a m in a tio n  showed t h a t  th e  c r y s t a ls  were 
ta b u la r  w i t h  s t r i a t i o n s  in  most cases p a r a l l e l  to  th e  s h o r te r  
edge. A g g re g a tio n s  o c c u rre d  i n  many c a s e s , b u t  th e se  were 
v i s i b l e  un de r th e  m ic ro s c o p e , and s in g le  c r y s t a ls  c o u ld  be 
chosen in  t h i s  w ay. H ig h ly  d e ve lo p e d  c le a va g e  was n o te d  
p e rp e n d ic u la r  to  th e  p la ne  o f  th e  p la t e .
b ) .  E x t in c t io n  wa3  n o te d  a t  56° to  th e  le n g th  o f  th e  p la t e .
c ) * R e f r a c t iv e  In d ic e s  were m easured by  th e  Becke l i n e  m ethod 
in  th e  two d i r e c t io n s  in  th e  p la ne  o f  th e  p la t e .  I t  was im ­
p r a c t ic a b le  to  measure th e  t h i r d  in d e x  w i t h  th e  a p p a ra tu s  
a v a i la b le ,  because o f  th e  th in n e s s  o f  th e  p la t e s .  The r e ­
f r a c t i v e  in d ic e s  f o r  l i g h t  p o la r is e d  in  th e  d i r e c t io n s  shown 
in  th e  d ia g ra m  were
nx = 1 .3 8 4 -.0 0 4
n 2  = 1 .6 881 .00 4  
—iig  = 0 .3  04
6.
B ire f r in g e n c e  was th e r e fo r e  a t  le a s t  0 .3 0 4 , a v e ry  h ig h  v a lu e .
15d ) .  The C r y s ta l  System o f  f u r o ic  a c id  was d e te rm in e d  by B ro th  
fro m  o p t ic a l  in v e s t ig a t io n s ;  he fo u n d  th a t  f u r o ic  a c id  be­
lo n g e d  to  th e  m o n o c lin ic  system  w i th  a n g le  f t  = 113 °44 ’ and 
a x ia l  r a t io s  o f  a :b :c  = .9556:1:*5 259. The p re s e n t in v e s t ig a t io n  
by X - ra y  methods has shown th a t  the  c r y s ta ls  o f  f u r o ic  a c id  
b e lo n g  to  th e  t r i c l i n i c  sys tem  w i t h  a n g le s  ck and y v e ry  
n e a r ly  90° •
3 )  D e n s ity .
The d e n s ity  was m easured by  f l o t a t i o n  in  a m ix tu re  o f  
b e n z y l c h lo r id e  and c a rb o n  t e t r a c h lo r id e  to  be 1 .4 83  g m ./m l.
4 )  X -ra y  I n v e s t ig a t io n .
a ) . A p p a ra tu s .
A l l  e xp e rim e n ts  were c a r r ie d  o u t u s in g  co p p e r ta r g e ts  
g iv in g  CuKo< r a d ia t io n  ( A = 1 .5 4 $ ) ;  th e  C u l^  r a d ia t io n  
was removed by means o f  a n ic k e l  f i l t e r .  R o ta t io n  and 
o s c i l l a t i o n  ph o to g ra p hs  were ta k e n  w i t h  cameras o f  ra d iu s  
3 .0 0  cms. M oving f i l m  p h o to g ra p h s  were ta k e n  on a h o r iz o n ta l  
W eissenberg  a p p a ra tu s  w i t h  cameras o f  ra d iu s  3 .9 4  cms. and 
3 .9 9  c m s .; i n  each case the  camera a n g le  was 7 0 ° .  O s c i l l a ­
t i o n  was a b o u t 2 0 0 °  w i th  camera t r a v e l  a b o u t 9  cms.
b ) .  D im ensions o f  C r y s ta ls .
The average s iz e  was 0 .8  mm. lo n g  and 0 .3 3  mm. x  0 .1  mm. 
in  c ro s s -s e c t io n .
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c ) .  Phot ographs »
R o ta t io n  and o s c i l l a t i o n  pho tog raphs  were take n  a b o u t 
th e  th re e  u n i t  c e l l  a xe s . F o r th e  e v a lu a t io n  o f  th e  s t r u c tu r e  
by tw o -d im e n s io n a l F o u r ie r  methods ze ro  la y e r  m oving f i lm s  and 
m u lt ip le  f i l m  s e r ie s  were ta k e n  about each o f  th e  th re e  axes .
d ) • U n it  c e l l  d im e n s io n s .
a = 1 0 .2 4 ^+ -028  b = 6 .3 0& *.02 A  c = 3 .81&
cJ, = 9 2 °5 V 1 f} = 9 4 °1 6 ' = 10 6°1 0 '
These v a lu e s  gave r e c ip r o c a l  c e l l  d im e ns ion s  as fo l lo w s  
a *  = .1571 b *  *  .2361 c *  -  .4063
c<*  = 8 5 °4 1 ' P *  ■ 8 4 °4 2 ' J *  = 7 3 °2 7 '
Volume o f u n i t  c e l l  = 25 3 .3  cuA 
Number o f  m o le cu le s  in  u n i t  c e l l  « 2
D e n s ity  c a lc u la te d  = 1 .4 69  g /m l.
D e n s ity  observed  = 1 .483  g /m l.
e ) . L o c a t io n  o f  A x e s .
S ince  th e  c r y s ta ls  were t r i c l i n i c  and were o b ta in e d  i n
th e  fo rm  o f  t h in  p la te s ,  some d i f f i c u l t y  was e x p e r ie n c e d  in
lo c a t in g  th e  a x is  a t  r i g h t  a n g le s  to  th e  p la n e  o f  the  p la te .
o
S e v e ra l axes o f  s im i la r  le n g th  w ere fo u n d , e . g . ,  10 .24 A ,
1 0 .7 2 8 , 1 9 .3 8 , 19.5A and t h is  c o m p lic a te d  m a tte rs  a ls o .  The 
t r u e  a x is  was lo c a te d ,  u s in g  a s te re o g ra p h ic  p r o je c t io n  on
w h ich  a rc  re a d in g s  f o r  known axes c o u ld  be p lo t t e d  and tho se
f o r  th e  re q u ire d  a x is  th e n  fo u n d .
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f ) .  Space G roup.
O s c i l la t io n  ph o to g ra ph s  abou t each o f  th e  th re e  axes 
showed no sym m etry ; m oving  f i l m  ph o to g ra phs  abou t each o f  
th e  th re e  axes showed no a b se n t s p e c tra .
I t  was th e re fo re  c o n c lu d e d  th a t  f u r o ic  a c id  was to  be
c la s s i f i e d  in  th e  t r i c l i n i c  sys tem . There a re  two space
1
groups i n  t h is  sys tem , v i z .  h a v in g  no symmetry and
P l(C ^ )  h a v in g  a c e n tre  o f  sym m etry. S ince  a c e n tre  o f  
sym m etry g iv e s  r is e  to  no s y s te m a tic  absences o f  r e f le c t io n s ,  
no d i s t i n c t i o n  can be made between th e  two space groups by 
X -ra y  a n a ly s is .  Though th e  m o le cu le  o f  f u r o ic  a c id  has no 
c e n tre  o f  sym m etry, th e re  c o u ld  be symmetry between two 
m o le cu le s  and so th e  space g roup  P I i s  n o t im p o s s ib le .
Absence o f  a c e n tre  o f  sym m etry in  a c r y s t a l  may some­
tim e s  be d e te c te d  by  p h y s ic a l m ethods.
( i )  P y r o e le c t r ic  m ethod.
When c r y s ta ls  in  w h ich  th e re  is  no c e n tre  o f  symm etry are
he a te d  o r c o o le d , th e y  d e ve lop  u n l ik e  e le c t r i c  charges a t
16 , .o p p o s ite  ends o f  each p o la r  a x is .  J .M . R o b e rtso n  c a r r ie d  
o u t p y r o e le c t r ic  te s t s  by suspend ing  s id e  by s id e  two c r y s ta ls  
by  f i n e  s i l k  f ib r e s  i n  l i q u i d  a i r .  N o n -ce n tro sym m e tr ic  
c r y s ta ls  were a t t r a c te d  to  each o th e r ;  c e n tro s y m m e tr ic  c r y s ta ls  
were n o t .  W ith  t h is  a p p a ra tu s , weak p y r o e le c t r i c i t y  m ig h t 
n o t be d e te c te d  and so o n ly  a p o s i t iv e  r e s u l t  w ou ld be 
d e f i n i t e .
9.
I n  th e  case o f  f u r o ic  a c id ,  no p y r o e le c t r ic  e f f e c t  was de 
te c te d .
( i i )  P ie z o e le c t r ic  m ethod .
When a p o t e n t ia l  d i f fe r e n c e  i s  a p p lie d  to  a n o n -c e n tro -
sym m etric  c r y s t a l  a t  a s u i ta b le  p o in t ,  th e  c r y s t a l  expands
46o r  c o n t r a c ts .  F o r t h is  e x p e r im e n t, c r y s ta ls  ab ou t 1 cm. 
lo n g  were o b ta in e d  by s low  c o o lin g  o f  a s a tu ra te d  aqueous 
s o lu t io n  o f  f u r o ic  a c id .  T e s ts  were c a r r ie d  o u t a lo n g  th e  
th re e  p r in c ip a l  d i r e c t io n s ,  b u t no p ie z o e le c t r ic  e f f e c t  was 
fo u n d .
As in  the  case o f  th e  p y r o e le c t r ic  e f f e c t ,  weak p ie z o ­
e le c t r i c  e f f e c ts  m ig h t n o t be d e te c te d  b y  the  a p p a ra tu s , 
th o ug h  th e  l a t t e r  is  th e  more s e n s i t iv e .
These e x p e r im e n ts , th e n , seem to  in d ic a te  th e  p resen ce  
o f  a c e n tre  o f  sym m etry, b u t  do n o t e s ta b l is h  t h is  u n e q u i­
v o c a l ly .  I n  th e  f i r s t  in s ta n c e ,  how ever, the  space g ro u p  
was assumed to  be PT, b u t  th e  p o s s i b i l i t y  t h a t  i t  was PI 
was n o te d .
S tru c tu re  D e te rm in a tio n *
The d e te rm in a t io n  o f  the  s t r u c tu r e  o f f u r o ic  a c id  was 
c a r r ie d  o u t by th e  t r i a l  s t r u c tu r e  m ethod, fo l lo w e d  by 
re f in e m e n t by two d im e n s io n a l F o u r ie r  s y n th e s e s . The method 
may be d iv id e d  in t o  fo u r  s e c t io n s .
1 ) -  The observed  in t e n s i t ie s  o f  r e f le c t io n s  in  each o f  th e  
th re e  zones (h k o ) ,  (h o i)  and ( o k l)  a re  measured and th e  
obse rved  s t r u c tu r e  fa c to r s  c a lc u la te d  f o r  a l l  p la n e s  h a v in g  
2 s in  0  -  2 . 0 0 .
2 ) •  A t r i a l  s t r u c tu r e  i s  p o s tu la te d ,  t h e o r e t ic a l  s t r u c tu r e  
fa c to r s  c a lc u la te d  and compared w ith  the  c o rre s p o n d in g  o b ­
se rve d  s t r u c tu r e  f a c t o r s .
3 ) .  F o r a t r i a l  s t r u c tu r e  g iv in g  re a s o n a b le  agreem ent between 
obse rve d  and c a lc u la te d  s t r u c tu r e  f a c t o r s ,  F o u r ie r  syn th ese s  
a re  c a r r ie d  o u t p r o je c t in g  down each a x is  in  tu r n  and an 
e le c t r o n  d e n s ity  " c o n to u r ”  map f o r  the  p r o je c t io n  i s  d raw n . 
T h e o r e t ic a l s t r u c tu r e  fa c to r s  a re  th e n  c a lc u la te d  fro m  a to m ic  
c o o rd in a te s  e s t im a te d  fro m  th e  p r o je c t io n s ,  and th e  p ro ce d u re  
re p e a te d  u n t i l  th e  s t r u c tu r e  fa c to r s  show no change in  s ig n .
4 ) .  S t ru c tu re  fa c to r s  f o r  a l l  p la n e s  a re  c a lc u la te d  fro m  th e  
c o o rd in a te s  chosen fro m  th e  f i n a l  F o u r ie r  s y n th e s e s , and the  
d is c re p a n c ie s  fo u n d .
A . In v e s t ig a t io n  o f  (hko) zone.
Because o f  th e  v e ry  s h o r t  c - a x is ,  i t  was th o u g h t t h a t  
r e s o lu t io n  o f  the  atoms w ou ld  p ro b a b ly  be g re a te s t  i n  th e
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p r o je c t io n  a lo n g  t h is  a x is .
Observed S tru c tu re  F a c to rs .
In te n s ita s s o f r e f le c t io n s  in  th e  (hko ) zone were e s t i -
17mated by th e  m u lt ip le  f i l m  te c h n iq u e  . The f i lm s  used had 
f i l m  r a t i o  o f  3 and , to  g iv e  a w ide range o f  in t e n s i t i e s ,  two 
s e r ie s ,  one o f  f i v e  f i lm s  and one o f th re e  f i lm s ,  were ta k e n - 
The second s e r ie s  was g iv e n  an exposure o f  tim e s  th e
exposure  o f  the  f i r s t -  In  the  (hko ) zone, 70^ o f  the  p lanes 
w i t h in  th e  l i m i t i n g  c i r c l e  o f  r e f le c t io n  were re c o rd e d , and a 
l i s t  o f  c o m p a ra tiv e  in t e n s i t i e s  was p re p a re d .
The range o f  i n t e n s i t i e s  was a p p ro x im a te ly  2 ,000  to  1- 
These I n t e n s i t ie s  were c o r re c te d  f o r  the fo l lo w in g  
fa c to r s  :
a ) p o la r iz a t io n  o f  th e  X - ra y  beam
b ) L o re n tz  c o r r e c t io n .
a ) and b ) - P o la r iz a t io n  and L o re n tz  f a c t o r -
B oth  o f  these  fa c to r s  v a ry  w i th  th e  2 s in  0 o f  a p la n e ,
and ta b le s  o f  c o r r e c t io n  f o r  th e  com bined e f f e c t  o f  th e se
fa c to r s  f o r  v a r io u s  2  s in  0  v a lu e s  have been drawn up fro m
d a ta  in  I n t e r n a t io n a l le  T a b e lle n ^® . When th e s e  c o r re c t io n s
had been a p p l ie d ,  th e  obse rve d  s t r u c tu r e  f a c t o r ,  P , , was9 o b s . 9
c a lc u la te d .
F , = t  f tobs J c o r r .
The m agn itude  o f  th e  s t r u c tu r e  f a c t o r  c o u ld  th u s  be c a lc u la te d ,  
b u t n o t i t s  s ig n -  S ince  th e re  were no heavy  atoms in  th e
p r o je c t io n  a lo n g  t h is  a x is .  I
Observed S tru c tu re  F a c to rs .
In te n s ita s s o f r e f le c t io n s  in  th e  (h ko ) zone were e s t i -
17mated by th e  m u lt ip le  f i l m  te c h n iq u e  . The f i lm s  used had 
f i l m  r a t i o  o f  3 and , to  g iv e  a w ide range o f  in t e n s i t i e s ,  two 
s e r ie s ,  one o f  f i v e  f i lm s  and one o f th re e  f i lm s ,  were ta ke n *
The second s e r ie s  was g iv e n  an exposure o f  tim e s  th e
exposure  o f  the  f i r s t *  In  the  (h ko ) zone, 7 0 of  th e  p lanes 
w i t h in  th e  l i m i t i n g  c i r c l e  o f  r e f le c t io n  were re c o rd e d , and a 
l i s t  o f  c o m p a ra tiv e  in t e n s i t i e s  was p re p a re d .
The range o f  in t e n s i t i e s  was a p p ro x im a te ly  2 ,0 00  to  1* 
These in t e n s i t ie s  were c o r re c te d  f o r  the fo l lo w in g  
fa c to r s  :
a ) p o la r iz a t io n  o f  th e  X - ra y  beam
b ) L o re n tz  c o r r e c t io n *
a ) and b ) » P o la r iz a t io n  and L o re n tz  f a c t o r *
B oth  o f  these  fa c to r s  v a ry  w i th  th e  2 s in  0 o f  a p la n e ,
and ta b le s  o f  c o r r e c t io n  f o r  th e  com bined e f f e c t  o f  th e s e
fa c to r s  f o r  v a r io u s  2  s in  0  v a lu e s  have been drawn up fro m
1 ftd a ta  in  I n t e r n a t io n & l le  T a b e lle n  * When th e se  c o r re c t io n s
had been a p p l ie d ,  th e  obse rve d  s t r u c tu r e  f a c t o r ,  F , , was9 o b s .
c a lc u la te d .
F = 1  / i  obs J c o r r .
The m agn itude  o f  th e  s t r u c tu r e  f a c t o r  c o u ld  th u s  be c a lc u la te d ,
b u t n o t i t s  s ig n *  S ince  th e re  were no heavy  atoms in  th e
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m o le cu le  w h ic h  w o u ld  h e lp  to  d e c id e  th e  s ig n s ,  the method o f  
p o s tu la t in g  t r i a l  s t r u c tu r e s  in  accordance w i th  o th e r  ev id e n ce  
was a d o p te d .
The va lu e s  o f  th e  s t r u c tu r e  fa c to r s  were n o t p la c e d  on 
an a b s o lu te  s c a le ,  b u t were s c a le d  by com parison  w i t h  c a l ­
c u la te d  s t r u c tu r e  fa c to r s  l a t e r .
2 ) .  T r i a l  S t ru c tu re s  and C a lc u la t io n  o f  T h e o r e t ic a l  S t ru c tu re
F a c to r s .
a ) . D im ensions o f  th e  M o le c u le .
In  o rd e r  to  p o s tu la te  a t r i a l  s t r u c t u r e ,  i t  was n e ce ssa ry  
to  have an id e a  o f  th e  d im e n s io n s  o f  th e  f u r o ic  a c id  m o le c u le ,
( i )  F u ran  R in g .
Schomaker and P a u lin g " ^ ,  f ro m  e le c t r o n  d i f f r a c t i o n  
e xp e rim e n ts  g iv e  th e  f o l lo w in g  r e s u l t s
Assumed a = 1 .4 6 $ , b = 1 .3 5 $ . C a lc u la te d  c = 1 .4 1 A -.0 3 A  
o< = 1 0 7 ° -4 °  /3  = 1 0 9 °*3 °  J = 1 0 7 ° -2 °
a
11Beach , by th e  same m ethod , o b ta in e d  r e s u l t s  in  agreem ent 
w i th  those  q u o te d , v i z . ,
Assumed a = 1 .4 6A , b = 1 .3 5 $ . C a lc u la te d  c = 1 .4 0 * .  03$
<?( = 1 0 7 *3 ° .
In  b o th  c a s e s , th e  r in g  was fo u n d  to  be p la n a r  w i t h in  e x p e r i -
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m e n ta l e r r o r .  S p e c tro s c o p ic  e x a m in a tio n  a ls o  le d  to  t h is  con­
c lu s io n ,  as d is c u s s e d  in  th e  I n t r o d u c t io n .
( i i ) .  C a rb o x y l G roup.
Bond le n g th s  in  the  c a rb o x y l g roup  have been d e te rm in e d
in  many d i f f e r e n t  compounds. F o r the  fo rm ic  a c id  and a c e t ic
19a c id  d im e rs , v a lu e s  fo u n d  by K a r le  and Brockway f o r  th e  
ca rbon  to  oxygen bonds were 1 .3 6 §  and 1 .2 5 $ . I n  th e  s tu d y  
o f  some d ic a r b o x y l ic  a c id s ,  J .M * R ob e rtso n  and h is  cow orke rs  
gave th e  fo l lo w in g  r e s u l t s : -  
A c id
20O x a lic  a c id  d ih y d ra te  
A c e ty le n e  d ic a r b o x y l ic  
a c id  d ih y d r a te 2-*- 
D ia c e ty le n e  d ic a r b o x y l ic  
a c id  d ih y d r a t e ^
/  - s u c c in ic 2 3  
A d ip ic 2 3  
S e b a c ic '5,5 
^ - g l u t a r i c  2 5
I t  was p ro b a b ly  b e s t t o  compare th e  c a rb o x y l group o f  
f u r o ic  a c id  w ith  th a t  o f  o x a l ic  a c id ,  b u t ,  as th e  l a t t e r  was 
d e te rm in e d  as the d ih y d r a te ,  i t  was d e c id e d  to  assume th e  
d im e ns ion s  o f  th e  c a rb o x y l g roup  as an average o f  th e  d ic a r ­






o H bond ($ ]
1 .2 5 1.24 2 .5 0
1 .2 7 1 .2 6 123 2 .5 6
1 .2 5 1 .2 5 12 3 .5 2 .5 5
1 .3 0 1 .2 5 1 2 2 2 .64
1 .2 9 1 .2 3 126 2 . 6 8
1 .2 7 1 .24 124 2 . 6 8
1 .3 0 1 .23 1 2 2 2 .6 9
b o x y l ic  a c id  d im e n s io n s , v i z : -
C^-Og = 1.298; ~  1-24A; ~ 123°> w ith the
hyd rogen  bond d is ta n c e  between c a rb o x y l groups o f  a d ja c e n t 
m o le cu le s  2 . 6 6 i?.
( i i i ) .  E x t r a c y c l ic  ca rbon  to  ca rb on  bond .
S e v e ra l resonance  s t r u c tu r e s  f o r  f u r o ic  a c id  may be
14
w r i t t e n  i n  w h ich  th e  e x t r a c y c l ic  ca rbon  to  ca rb o n  bond i s  a 
fo rm a l d o u b le  bond , so t h a t  some s h o r te n in g  o f  t h is  bond fro m  
th e  s in g le  bond v a lu e  is  l i k e l y .  By a n a lo g y  w i th  o x a l ic  a c id  
d ih y d r a te 2^ ,  i t  was d e c id e d  to  assume a le n g th  o f  1.46& f o r  
t h is  bond . T hus, th e  f o l lo w in g  v a lu e s  were ta k e n , f o r  p re ­
l im in a r y  in v e s t ig a t io n  as th e  d im e n s io n s  o f  th e  f u r o ic  a c id  
m o le c u le .
b ) F a c to rs  in d ic a t in g  p o s i t io n  o f th e  m o le c u le .
( i ) The c - a x is  o f  3 .8 li?  was v e iy  s h o r t ,  so i t  was p ro b a b le  
t h a t  th e  m o le cu le  o f  f u r o ic  a c id  w ou ld  be a p p ro x im a te ly  p la n a r  
and i t  was p o s s ib le  t h a t  th e  two m o le cu le s  in  th e  u n i t  c e l l  
w ou ld  be c o p la n a r .
( i i )  A ssum ing van d e r  W aa l! s d is ta n c e  to  be 3 .5 $ ,  th e  t i l t  
o f  th e  m o le cu le  to  th e  c - a x is  was c a lc u la te d  as a p p ro x im a te ly  
2 4 ° .
( i i i )  There was a h ig h  r e f r a c t i v e  in d e x  a lo n g  a d i r e c t io n  
a p p ro x im a tin g  to  th a t  o f  th e  ( o i l )  a x is ,  and th e  a n g le  between 
t h is  a x is  and th e  c - a x is  was 3 0 ° .  There was a ls o  d e c id e d  
c le a vag e  a lo n g  t h is  d i r e c t io n .  I t  seemed re a s o n a b le , th e r e ­
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f o r e ,  to  assume th a t  th e  m o le cu le s  la y  i n  a p lane  a p p ro x im a te ly  
p a r a l l e l  to  t h is  a x is .
( i v )  The in t e n s i t ie s  o f  p la n e s  (1 1 0 ) , (2 2 0 ) ,  (330) e tc .  were 
a l l  h ig h .
(v )  C o n d it io n s  were fa v o u ra b le  f o r  hyd ro g en  b o n d in g  between 
c a rb o x y l g roups o f  a d ja c e n t m o le c u le s . In  many c a r b o x y l ic  
a c id s ,  th e  m o le c u le s  a re  a rra n g e d  in  such  a way th a t  th e re
i s  a c e n tre  o f  sym m etry between th e  c a rb o x y l g ro u p s , e . g . ,
where X is  th e  c e n tre  o f  sym m etry. Such a n  a rrangem ent was 
p o s s ib le  w i th  th e  m o le cu le s  o f  f u r o ic  a c id .
c ) . C a lc u la t io n  o f  t h e o r e t ic a l  s t r u c tu r e  f a c t o r s -
F o r  a t r i c l i n i c  c e l l  w i th  a c e n tre  o f  sym m etry th e  
t h e o r e t ic a l  s t r u c tu r e  f a c t o r ,  Pca i c . ^  •f>or a P lane (h ko ) is  
g iv e n  by
The v a lu e s  o f  the  a to m ic  s c a t t e r in g  f a c t o r s  f o r  ca rb o n
and oxygen f o r  each p la n e  were fo u n d  fro m  d a ta  c a lc u la te d  by 
24Cox and Goodwin
F o r  each p o s tu la te d  t r i a l  s t r u c t u r e ,  th e  t h e o r e t ic a l  
s t r u c tu r e  fa c to r s  f o r  a number o f  p la n e s  were c a lc u la te d ,  and 
compared w i th  c o rre s p o n d in g  ob se rved  s t r u c tu r e  f a c t o r s .
,0— H - 0
R
X/ a ,  * ^ b  *  a to m ic  c o o rd in a te s
f  = a to m ic  s c a t t e r in g  f a c t o r .
16.
d ) . T r i a l  S t r u c tu r e s .
C o n s id e ra t io n  o f  the  f a c t o r s  in d ic a t in g  the  p o s i t io n  o f  
th e  m o le c u le  in  th e  u n i t  c e l l  sugges ted  t h a t  th e  m o le cu le  
m ig h t l i e  in  th e  (h ko ) p r o je c t io n  in  such a way th a t  th e  atoms 
made c o n s id e ra b le  c o n t r ib u t io n s  to  th e  ( 1 1 0 ) p la n e .
S ca le  m odels o f  the  u n i t  c e l l  p r o je c t io n  and o f  th e  
p r o je c t io n  o f  th e  m o le cu le  were made. On th e  u n i t  c e l l  p r o ­
je c t io n  were drawn th e  p r o je c t io n s  o f  the  (1 1 0 ) , (2 2 0 ) , (3 3 0 ) , 
e t c .  p la n e s . S in ce  th e  e x p re s s io n  f o r  th e  s t r u c tu r e  f a c t o r  
i s  a s im p le  sum o f  c o s in e s , th e  s t r u c tu r e  fa c to r s  f o r  any 
p o s i t io n  o f  th e  m o le c u le  i n  p r o je c t io n  c o u ld  be e s tim a te d  
a p p ro x im a te ly  by in s p e c t io n *
Good agreem ent between obse rve d  and c a lc u la te d  s t r u c tu r e  
fa c to r s  was n o te d  when th e  m o le cu le  was p la c e d  w i th  th e  e x t r a -  
c y c l i c  ca rbon  to  ca rb on  bond ly in g  a lo n g  th e  p r o je c t io n  o f  the  
( 2 2 0 ) p la n e *
3 ) .  R e fin em e n t by F o u r ie r  S y n th e s is .
a ) . F o u r ie r  s y n th e s e s .
The s ig n s  o f  th e  c a lc u la te d  s t r u c tu r e  fa c to r s  were 
a l lo c a te d  to  th e  c o rre s p o n d in g  ob se rve d  s t r u c tu r e  fa c to r s  and 
a tw o -d im e n s io n a l F o u r ie r  s y n th e s is  a lo n g  th e  c - a x is  c a r r ie d  
o u t .  The e le c t r o n  d e n s ity  a t  p o in ts  (x ,  y )  i n  th e  (h ko ) zone 
is  g iv e n  by
/ > ( x , y V i r l  i  Fg,ko) cos i n  ( i t  + *b)
The p r o je c t io n  a lo n g  th e  c - a x is  was n o t on to  th e  base o f  th e  
•u n it c e l l  b u t on to  a p la n e  p e rp e n d ic u la r  to  the  c - a x is ,  i . e . ,  
th e  p la n e  h a v in g  s id e s  a s in  f t  and b s in  ^  *
F o r the  c o m p u ta tio n , b o th  axes were d iv id e d  in t o  s i x -  
t t i e t h s , a/gQ  = .1 7 lS ,  = *113$, and th e  sum m ation was
c a r r ie d  o u t o ve r o n e -h a lf  o f  the  u n i t  c e l l ,  (-|a by b ) .
The f i r s t  two F o u r ie r  s e r ie s  were c a lc u la te d  u s in g
25Beevers and L ip s o n  s t r ip s  w h ich  gave tw o - f ig u r e  a c c u ra c y , 
b u t th e  la s t  tw o were c a lc u la te d  w i th  th r e e - f ig u r e  a c c u ra c y  
u s in g  R o b e rts o n ’ s m ethod* .
An e x a m in a tio n  o f  the  e le c t ro n  d e n s ity  map o f  the  second 
F o u r ie r  s y n th e s is  showed t h a t  th e  e le c t r o n  d e n s i t ie s  o f  peaks 
re p re s e n t in g  the  r i n g  oxygen and one o f  th e  p o s tu la te d  c a rb o n  
atoms were r e la t i v e l y  lo w e r and h ig h e r  r e s p e c t iv e ly  th a n  
a ve ra g e . These two atoms were th e r e fo r e  in te rc h a n g e d , and 
a c o n s id e ra b le  im provem ent i n  th e  agreem ent be tw een ob se rve d  
and c a lc u la te d  s t r u c tu r e  fa c to r s  r e s u l te d .
C a lc u la t io n  o f  s t r u c tu r e  fa c to r s  fro m  c o o rd in a te s  chosen 
fro m  th e  f o u r t h  F o u r ie r  showed th a t  no s ig n  changes o c c u r re d . 
The l i m i t  o f  re f in e m e n t by t h i s  m ethod had th e r e fo r e  been 
re a ch e d .
The e le c t r o n  d e n s ity  map drawn fro m  the f i n a l  F o u r ie r  
s y n th e s is  i s  shown in  f ig u r e  1 . The peaks a re  w e l l  re s o lv e d , 
w i th  w e ll- ro u n d e d  c o n to u rs  o f  th e  e x p e c te d  o rd e r  o f  m agn itude
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F ig » l«  F u ro ic  A c id : P r o je c t io n  a lo n g  c - a x is .
Each c o n to u r l i n e  re p re s e n ts  anpe le c t r o n  d e n s ity  
in c re m e n t o f  one e le c t r o n  p e r & .
The l in e  re p re s e n t in g  an e le c t r o n  d e n s ity  o f  
one e le c t ro n  p e r i? is  d o t te d .
19.
b ) . D e r iv a t io n  o f  E x p e r im e n ta l A to m ic  S c a t te r in g  C u rve .
The s t r u c tu r e  f a c t o r  f o r  a p la n e  i n  th e  (h ko ) zone in
th e  P I space g roup  i s  g iv e n  by
F_q1„  = 2 i  f  cos 2 l f  (—  +c a lc • a b
where f  = a to m ic  s c a t t e r in g  f a c t o r ,  
x / a > y / b = a to m ic  c o o rd in a te s .
I f  th e  m o le cu le  u n de r c o n s id e ra t io n  is  made up o f  th e  same
atom s, th e n  th e  a to m ic  s c a t t e r in g  f a c t o r ,  f ,  f o r  any p la n e
(h ko ) is  g iv e n  by
Ff  = c a l c . _______________
2 cos 2TT (K x /a + Kxyb )
= c a lc . where S i s  the  g e o m e tr ic a l 
Qo s t r u c tu r e  f a c t o r .
(h ko )
S ince  f u r o ic  a c id  c o n ta in s  two d i f f e r e n t  ty p e s  o f  atoms 
in  th e  m o le c u le , i t  was d e c id e d  to  p ro ce e d  as f o l lo w s .
The r a t i o  o f  e le c t r o n  s c a t t e r in g  powers o f  ca rb o n  and 
oxygen were c o n s id e re d  to  be 6  t o  9 in  a compound o f t h i s  ty p e .  
The c o n t r ib u t io n  o f  oxygen to  th e  g e o m e tr ic a l s t r u c tu r e  f a c t o r  
was m u l t ip l ie d  by ^ / q, and th e  d i f fe r e n c e  in  e le c t r o n  s c a t t e r ­
in g  powers o f ca rbon  and oxygen th u s  com pensated. The a to m ic  
s c a t t e r in g  f a c t o r ,  f ,  f o r  any p la n e  (h ko ) c o u ld  th e n  be 
c a lc u la te d  as b e fo re
f  = Fc a lc .
2 s (hko )
= Fo b s .
2 3  i f  "the s t r u c tu r e  i s  c o r r e c t *
(h ko )
The a to m ic  s c a t te r in g  c u rve  used was th e  g ra p h  o f  f  f o r  any 
p la n e  a g a in s t  i t s  2 s in  6  v a lu e .  The g ra p h  was p la c e d  on
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an a b s o lu te  s c a le  by c a lc u la t in g  f  a t  2  s in  0 = 0 , i . e . ,  f o r  
p la n e  ( 0 , 0 , 0 )
P= 000 
( ° ° ° )  2S
000
P was known a c c u r a te ly ,  s in c e  i t  was th e  number o f
(000)
e le c t ro n s  in  th e  u n i t  c e l l ;  &qqq was known s in c e  a l l  th e
atoms made maximum c o n t r ib u t io n s  , and th e  a b s o lu te  v a lu e  o f
f , * c o u ld  be c a lc u la te d .
( 000)
F o r f u r o ic  a c id ,  ^ qqqj = 11 *4 2 .
The a to m ic  s c a t t e r in g  fa c to r s  f o r  a l l  p la n e s  h a v in g  S "> 20$ 
o f  th e  p o s s ib le  ( i . e . ,  were c a lc u la te d  and g raphed
a g a in s t  th e  2  s in  0  v a lu e  f o r  th e  p la n e .
A p p e n d ix  I ,  T ab le  11 c o n ta in s  the  v a lu e s  f o r  f  f o r  
v a r io u s  2  s in  0  v a lu e s .
T h is  a to m ic  s c a t t e r in g  c u rv e  was used th ro u g h o u t th e  
re m a in d e r o f  th e  in v e s t ig a t io n .
4 ) •  F in a l  R e s u lts  (h ko ) zone.
S t ru c tu re  f a c t o r s  were c a lc u la te d  fro m  c o o rd in a te s  
chosen fro m  th e  f i n a l  (h ko ) F o u r ie r  and in c o r p o r a t in g  th e  
e x p e r im e n ta l a to m ic  s c a t t e r in g  c u rv e ,  f o r  a l l  p o s s ib le  p la n e s  
in  the  (hko) zone. The d is c re p a n c y , c a lc u la te d  as
i ( |F 0 bsl -  E e a lo l)
. iL  |Pobs
was 1 2 . 1 $ .
A l i s t  o f  ob se rve d  and c a lc u la te d  s t r u c tu r e  fa c to r s  f o r  
a l l  p la n e s  i n  th e  (hko) zone i s  g iv e n  in  A p p e n d ix  I ,  T a b le  8 .
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B. I n v e s t ig a t io n  o f  ( h o i)  zone .
From an in s p e c t io n  o f  a m odel o f  f u r o ic  a c id  i t  was 
o b v io u s  t h a t  r e s o lu t io n  in  b o th  th e  ( h o i)  and ( o k l)  p ro ­
je c t io n s  w ou ld  be p o o r . The ( h o i)  zone seemed to  o f f e r  a 
s l i g h t l y  b e t t e r  p o s s i b i l i t y  o f  p a r t i a l  r e s o lu t io n  and i t  was 
th e re fo r e  c o n s id e re d  f i r s t .
1 ) .  O bserved S t ru c tu re  F a c to r s .
The measurements in  t h is  zone were made in  e x a c t ly  th e  
same way as th o se  in  th e  (h ko ) zone. The in t e n s i t ie s  o f  
r e f le c t io n s  fro m  p la n e s  in  the  (h o i)  zone were e s t im a te d  and 
a l i s t  o f  co m p a ra tiv e  in t e n s i t i e s  was made; th e  range o f  
i n t e n s i t i e s  was a p p ro x im a te ly  2,000  t o  1 . 75$ o f  th e
p o s s ib le  r e f le c t io n s  were re c o rd e d . These in t e n s i t i e s  w ere  
c o r re c te d  f o r  L o re n tz  and p o la r is a t io n  f a c t o r s ,  and in  
a d d i t io n ,  were c o r re c te d  f o r  a b s o rp t io n  o f  X -ra y s  by th e  
c r y s t a l .  I n  th e  case o f  c r y s ta ls  w h ich  a re  o f  r e g u la r  c ro s s  
s e c t io n ,  a b s o rp t io n  e f f e c t s  a re  n o t im p o r ta n t ,  b u t where the  
c ro s s - s e c t io n  i s  n o t  u n ifo rm ,  a b s o rp t io n  o f  X -ra y s  has con­
s id e ra b le  e f f e c t .  The c o r r e c t io n  was made as f o l lo w s :
When a beam o f  X -ra y s  o f  i n t e n s i t y  I q i s  passed th ro u g h  a 
la y e r  o f  th ic k n e s s  t_, o f  a c r y s t a l  whose l i n e a r  a b s o rp t io n  
c o e f f i c ie n t  i s  ^  , th e n  th e  in t e n s i t y  o f  the  em ergent beam,
w  i s  g iv e n  b y
XObS = ^
F o r f u r o i c  a c id ,  = 1 2 .6 3  cm s.” -^
The p a th  le n g th ,  t ,  was m easured by f in d in g  the  d i r e c t io n  o f
th e  in c id e n t  and d i f f r a c t e d  beams f o r  each p la n e  and g r a p h i­
c a l l y  m e asuring  th e  p a th  o f  th e  beam th ro u g h  th e  c e n tre  o f  
th e  c r y s t a l  f o r  th a t  p la n e ,  u s in g  a s c a le  m odel o f  th e  
c r y s t a l  and o f  th e  r e c ip r o c a l  n e t .
The ob se rve d  s t r u c tu r e  f a c t o r s  were c a lc u la te d  fro m  th e  
c o r re c te d  i n t e n s i t i e s .
S c a lin g  was c a r r ie d  o u t in  th e  f i r s t  in s ta n c e  by com­
p a r is o n  o f  the  obse rve d  s t r u c tu r e  f a c t o r s  o f  th e  (hoo) p la n e s  
In  t h i s  zone and in  th e  (h ko ) zone .
2 } .  T r i a l  S t ru c tu re s  and C a lc u la t io n  o f  T h e o r e t ic a l S t r u c tu r e
F a c to r s .
a ) . Space g ro u p .
The (h ko ) p r o je c t io n  was shown to  be c e n tro s y m m e tr ic , 
b u t i t  was q u ite  fe a s ib le  th a t  th e  m o le cu le s  c o u ld  be a rra n g e d  
in  such  a way t h a t  th e re  was no c e n tre  o f  sym m etry in  space , 
a lth o u g h  th e re  was a c e n tre  o f symm etry In  p r o je c t io n ,  i . e . ,  
th e  c o n f irm a t io n  o f  a c e n tre  o f  sym m etry in  th e  (h ko ) p r o ­
je c t io n  d id  n o t  make space group P]_ im p o s s ib le .  H owever, 
c a lc u la t io n s  were s im p l i f ie d  i f  th e  c e n tro s y m m e tr ic  space 
g roup  P I was s t i l l  assumed.
b ) . D e te rm in a t io n  o f  z - c o o rd in a te s .
( i )  F a c to rs  g iv in g  some in d ic a t io n  o f  th e  p o s i t io n  o f  th e  
m o le cu le  in  th e  ( h o i)  zone.
The I n t e n s i t ie s  o f  r e f l e c t i o n  o f  X -ra y s  fro m  th e  c r y s t a l  
gave no a s s is ta n c e  in  p la c in g  th e  m o le cu le  in  t h is  zon e ;
23.
th e re  were o n ly  th re e  f a i r l y  s t r o n g  r e f le c t io n s  (0 0 1 ) ,  ( 1 0 1 ) 
and (1 0 1 ) , a l l  o f  them o f  lo w  2 s in  0 v a lu e .  The re m a in d e r 
o f  th e  s ix t y - t h r e e  o b se rve d  r e f le c t io n s  were o f  low  in t e n s i t y
The m ain in d ic a t io n  o f  th e  p o s i t io n  o f  the  m o le cu le  
was fro m  a com parison  o f  the  d im e ns io n s  o f  th e  m o le cu le  in  
space and i n  p r o je c t io n .  Prom a know ledge o f  th e  bond 
le n g th s  in  p r o je c t io n ,  and the  assumed bond le n g th s  in  space , 
c a lc u la t io n s  o f  th e  z -c o o rd in a te s  were made by th e  f o l lo w in g  
m e thods .
( i i ) .  Methods o f  c a lc u la t io n  o f  th e  z -c o o rd in a te s .
Th ree  m ain methods o f  c a lc u la t io n  o f  th e  z -c o o rd in a te s  
were a d o p te d . In  a l l  o f  th e se  m e thod s, th e  u n i t  c e l l  a n g le s  
d. (= 9 2 °5 7 1) and & (= 9 4 ° 1 6 ')  were ta k e n  as 9 0 ° .
Method (A) -
Prom th e  bond le n g th s  fo u n d  i n  p r o je c t io n  ( I )  and as 
p o s tu la te d  in  space ( I I )  th e  d is ta n c e  a lo n g  th e  c -a x is  o f  
any atom  fro m  a d ja c e n t atoms c o u ld  be c a lc u la te d .  To p la c e  
th e  m o le cu le  in  th e  u n i t  c e l l ,  one atom  was chosen , and th e  
z -c o o rd in a te  o f  t h is  atom  was c a lc u la te d .  The z -c o o rd in a te s  
o f  a l l  th e  o th e r  atoms were th e n  c a lc u la te d  s in c e  t h e i r  d i s ­
ta n c e s  a lo n g  th e  c -a x is  fro m  t h is  atom c o u ld  be fo u n d .
I I I
24.
The ca rbon  atom , , was chosen as the  re fe re n c e  a tom ; th e  
z -c o o rd in a te  o f  t h i s  a tom  was c a lc u la te d  w i th  re s p e c t to  th e  ;
c e n tre  o f  sym m etry between th e  c a rb o x y l g roups as f o l l o w s : j
A s c a le  d ra w in g  was made o f  the  two m o le c u le s  in  th e  u n i t  
c e l l  l in k e d  th ro u g h  t h i s  c e n tre  o f  sym m etry, and the  d is ta n c e  
betw een th e  re fe re n c e  atom  in  th e  tw o m o le cu le s  was m easured. 
Prom th e  c o r re s p o n d in g  d is ta n c e  i n  p r o je c t io n ,  th e  z - c o o rd in ­
a te  o f  t h is  atom  was c a lc u la te d .
F o r the  m o le c u le  to  be a p p ro x im a te ly  p la n a r ,  i t  was
n e c e s s a ry  f o r  th e  fo l lo w in g  o rd e r  o f  z -c o o rd in a te s  o f  th e  atoms j
to  be o b s e rv e d .
The tw o s e ts  o f  r e la t io n s h ip s  were th e  r e s u l t  o f  the  
two p o s s ib le  d i r e c t io n s  o f i n c l i n a t io n  o f  th e  m o le cu le  to  the  
c - a x is •
In  t h i s  way, tw o  s e ts  o f  z -c o o rd in a te s  o f  th e  atoms were 
c a lc u la te d .
D e v ia t io n s  fro m  p la n a r i t y  were p o s s ib le ,  b u t were con ­
s id e re d  o n ly  a f t e r  th e  c o o rd in a te s  f o r  an a p p ro x im a te ly  p la n a r  
s t r u c tu r e  had been c a lc u la te d .
In  t h i s  m e thod , th e  c o o rd in a te s  o f  th e  atoms depended on 
th e  p o s tu la te d  d im e n s ion s  o f  the  m o le c u le . These were
assumed fro m  th e  d im ens ions  fou nd  in  the case o f  fu r a n ,  b u t
E i t h e r  C3 £ C4 > Cg > Or < CQ < C3  and
Or C3> C4  < C5  < Or >  C2  > C3  and
25.
th e  e f f e c t  o f  the  c a rb o x y l g roup  w ou ld  p ro b a b ly  be s u f f i c i e n t  
to  cause a c o n s id e ra b le  v a r ia t io n  i n  bond le n g th s ,  e . g . ,  th e  
e x t r a c y c l ic  ca rb o n  t o  ca rb o n  bond c o u ld  have le n g th  between 
1 .4 3 ^  ( i t s  le n g th  in  p r o je c t io n )  and 1 -5 4 ^ . Some decrease 
in  r i n g  bond le n g th s  m ig h t be p o s s ib le ,  and th e re  was some 
u n c e r ta in ty  in  re g a rd  to  the d im e ns ion s  o f  the  c a rb o x y l g roup  
I n  many i n i t i a l  t r i a l  s t r u c tu r e  a n a ly s e s , such v a r ia t io n s  in  
bond le n g th  w o u ld  be o f  c o m p a ra t iv e ly  s m a ll s ig n i f ic a n c e ,  b u t 
in  th e  in v e s t ig a t io n  o f  f u r o i c  a c id ,  s m a ll movements o f  the  
atoms re p re s e n te d  a c o n s id e ra b le  change in  a to m ic  c o o rd in a te s  
a lo n g  th e  s h o r t  c - a x is .  T h is  e f f e c t  was m ost marked in  the 
case o f  th e  re fe re n c e  a tom  s in c e  i t  re p re s e n te d  a movement 
o f  th e  m o le c u le  as a w ho le  in  the  u n i t  c e l l .
To m in im is e  th e  e f f e c t  o f  t h i s  l a t i t u d e  i n  m o le c u la r  
d im e n s io n s , th e  fo l lo w in g  m ethod was used f o r  d e te rm in in g  the  
z -c o o rd in a te  o f  the  re fe re n c e  a tom .
F o r each s e t o f  z - c o o rd in a te s ,  th e  v a lu e s  o f  th e  s t r u c t  
u re  fa c t o r s  f o r  th e  th re e  s tro n g  p la n e s  ( 0 0 1 ) ,  ( 1 0 1 ) ,  ( 1 0 1 ) 
were c a lc u la te d  f o r  v a lu e s  o f  z - c o o rd in a te  o f  th e  re fe re n c e  
atom  e v e ry  V l 8 t h  a lo n g  th e  c - a x is ,  and th e se  v a lu e s  g raphed 
a g a in s t  th e  c o r re s p o n d in g  p o s i t io n  o f  th e  m o le c u le . From 
t h i s  g ra p h , th e  p o s i t io n  o f  th e  re fe re n c e  atom  w h ich  gave 
good agreem ent between o b se rve d  and c a lc u la te d  s t r u c tu r e  
fa c t o r s  was fo u n d .
Two s e ts  o f  a to m ic  c o o rd in a te s  were th e n  c a lc u la te d  as 
b e fo r e .
Method ( B ) .
T h is  m ethod depended on th e  e s t im a t io n  o f  the  i n c l i n a ­
t io n  o f  th e  m o le c u le  to  th e  c - a x is  and in v o lv e d  th e  assu m ptio n  
t h a t  th e  fu ra n  r i n g  a t  le a s t  was p la n a r .
Prom th e  d is c u s s io n  o f  th e  p o s i t io n  o f  th e  m o le c u le  in
th e  c e l l  (S e c t io n  A , 2 ( b ) ) ,  i t  was con c lu d e d  t h a t  th e  m o le cu le
la y  in  a p la n e  p a r a l l e l  to  th e  ( o i l )  a x is .  S ince  th e  s h o r te n -
o
in g  o f  the  to  bond in  p r o je c t io n  was n e g l ig ib le  (1 .45A
o
compared w i t h  1 .4 6 A ) , i t  was assumed th a t  th e  t i l t  was m a in ly  
a b o u t t h is  bond as an a x i s . S ca le  m odels o f  th e  m o le cu le  
and o f  the  u n i t  c e l l  were made, and th e  m o le cu le  f i t t e d  in t o  
th e  u n i t  c e l l  as d e c id e d . The d is ta n c e  a lo n g  th e  c -a x is  o f  
each atom  w i t h  re s p e c t  to  th e  re fe re n c e  a tom , C , was then
m easured. I n  t h is  m e thod , to o ,  th e  p o s i t io n s  o f  a l l  th e  atoms
depended on th e  m o le c u la r  d im e ns ion s  p o s tu la te d ,  and th e  z -  
c o o rd in a te  o f  th e  re fe re n c e  a to m , , was d e te rm in e d  as in  
m ethod (A) *
Me th o d  (C) .
T h is  method re q u ire d  the  a ssu m p tio n  th a t  th e  m o le c u le
o f  f u r o ic  a c id  was p la n a r ,  and th a t  th e  two m o le c u le s  l in k e d
by hyd ro g en  bonds were c o p la n a r .  I t  r e q u ir e d ,  how ever, th e
p o s tu la t io n  o f  o n ly  one d im e n s io n : th e  0^ to  bond was
ta k e n  as 1 . 3 5 S, as p o s tu la te d  b e fo re .
The method has a lre a d y  been d e s c r ib e d  in  th e  in v e s t ig a -
27t io n  o f  th e  s t r u c tu r e  o f  coronene
27.
A r b i t r a r y  o r th o g o n a l m o le c u la r  axes L and M in  th e  
p la n e  o f  th e  (h ko ) p r o je c t io n  (see f i g .  ) and N p e rp e n d i­
c u la r  t o  t h i s  p la n e  w ere  chosen-
b
The c r y s t a l  axes were assumed to  be m o n o c lin ic ,  and 
t h e i r  d i r e c t io n  c o s in e s  w i th  re s p e c t t o  th e se  o r th o g o n a l 
axes were c a lc u la te d .  The m o le c u la r  c o o rd in a te s  w ith  r e ­
s p e c t to  th e se  o r th o g o n a l axes were th e n  fo u n d ,  and fro m  these  
v a lu e s ,  th e  z -c o o rd in a te s  o f  th e  atoms were d e te rm in e d .
The f a c t  t h a t  t h i s  m ethod re q u ire d  the  a ssu m p tio n  t h a t  
th e  two m o le cu le s  o f  f u r o i c  a c id  were p la n a r  made i t  u n s a t is ­
f a c t o r y ;  method (B ) ,  in  w h ich  th e  r i n g  m ust be assim ied p la n a r  
seemed more re a s o n a b le , s in ce  a l l  the  e v id e n ce  in d ic a te d  th a t  
t h i s  was so i n  th e  p a re n t compound, f u r a n ,  w h ile  method (A) 
r e q u ire d  no a ssu m p tio n  o f  p la n a r i t y .  The methods were th e r e ­
fo r e  in v e s t ig a te d  i n  the  f o l lo w in g  o r d e r ,  (A ) ,  (B ) , (C) by 
th e  u s u a l method o f  com parison  o f  t h e o r e t ic a l  and ob se rved  
s t r u c tu r e  f a c t o r s .
b ) . C a lc u la t io n  o f  T h e o r e t ic a l  S t r u c tu r e  F a c to rs .
The s t r u c tu r e  f a c t o r ,  Fca i c# f o r  a p la n e  (h o i)  i s  g iv e n
by
28.
Pc a lc .  = 2  ^  f  cos 2 l r  (hX//a +  1Z/ 0 )
The x -c o o rd in a te s  were th o se  e s tim a te d  fro m  th e  f i n a l  (h ko ) 
F o u r ie r  s y n th e s is ;  th e  a to m ic  s c a t t e r in g  f a c t o r s  were fo u n d  
fro m  the  e x p e r im e n ta l a to m ic  s c a t t e r in g  c u rv e ,
c ) . T r i a l  S t r u c tu r e s .
Method ( A ) •
S t r u c tu re  fa c to r s  c a lc u la te d  u s in g  z -c o o rd in a te s  
o b ta in e d  by t h is  m ethod showed p o o r agreem ent w i th  observed  
s t r u c tu r e  f a c t o r s .  Many a tte m p ts  were made to  r e f in e  th e s e  
c o o rd in a te s  by c o n s id e r a t io n  o f  the v a r ia t io n s  p o s s ib le  in  
each o f  th e  bond le n g th s ,  o f  p la n a r  and n o n -p la n a r  s t r u c tu r e s ,  
b u t th e  s t r u c tu r e s  g iv in g  b e s t agreem ent betw een o b se rve d  and 
c a lc u la te d  s t r u c tu r e  fa c to r s  showed d is c re p a n c ie s  o f  35$ and 
38$ c a lc u la te d  as
A tte m p ts  to  r e f in e  these  s t r u c tu r e s  by  tw o -d im e n s io n a l 
F o u r ie r  syn th ese s  were u n s u c c e s s fu l,  and th e  s t r u c tu r e s  th e r e ­
fo r e  were c o n s id e re d  in c o r r e c t .
C o n s id e ra t io n  o f  th e  number o f  p o s s ib le  v a r ia t io n s  in  
a s t r u c tu r e  such  as t h i s  showed th a t  th e re  was an a lm o s t 
i n f i n i t e  number o f  c o m b in a tio n s  o f  such  f a c t o r s .  An i n v e s t i ­
g a t io n  was made o f  l i t e r a l l y  more th a n  a tho u sa nd  t r i a l  
s t r u c tu r e s  w ith o u t s u cce ss j and a fe w  examples o f  the  methods 
em ployed a re  g iv e n  in  A p pe nd ix  I I .
Fobs
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Method ( B ) .
z -c o o rd in a te s  c a lc u la te d  by t h is  method gave s t r u c tu r e  
f a c t o r s  w h ich  showed p o o r agreem ent w i th  ob se rve d  s t r u c tu r e  
f a c t o r s • A tte m p ts  were made to  o b ta in  m o d if ic a t io n s  in  w h ich  
th e  agreem ent was im proved  by th e  same m ethods as used in  the  
in v e s t ig a t io n s  by  method (A ) ,  b u t  w ith o u t  su cce ss .
M ethod (G ).
S in ce  In v e s t ig a t io n s  o f  the  s t r u c tu r e  o f  f u r o ic  a c id  by 
methods (A) and (B) had p ro ve d  u n s u c c e s s fu l,  method (C) was 
a p p lie  d .
S t ru c tu re  fa c to r s  c a lc u la te d  fro m  z -c o o rd in a te s  o b ta in e d  
by t h i s  method showed p o o r ag reem ent w i t h  o b se rve d  s t r u c tu r e  
f a c t o r s .
The z -c o o rd in a te s  o f  th e  a toms o b ta in e d  by th is  m ethod, 
how ever, showed two s ig n i f i c a n t  d i f fe r e n c e s  fro m  th o se  o b ta in e d  
by th e  two p re v io u s  m e thods, in d ic a t in g  the  f o l lo w in g  changes 
in  z - c o o r d in a te s :
( i )  a movement o f  th e  w ho le m o le cu le  a lo n g  the  c - a x is  to w a rd s
cth e  o r ig in  by a p p ro x im a te ly  -g,
( i i )  a decrea se  i n  z -c o o rd in a te  o f  th e  r in g  oxygen r e la t i v e  
to  th e  a d ja c e n t a tom s.
U s ing  th e  m ethod by w h ich  the  s u c c e s s fu l t r i a l  s t r u c tu r e  
was o b ta in e d  in  th e  (h ko ) zone , a s e t  o f  c o o rd in a te s  was fo u n d , 
a f t e r  some a t te m p ts ,  w h ich  gave ro ugh  q u a l i t a t i v e  agreem ent 
betw een o b se rve d  and c a lc u la te d  s t r u c tu r e  f a c t o r s .  S t ru c tu re
30.
f a c t o r s  c a lc u la te d  f o r  a l l  p la n e s  In  th e  ( h o i)  zone showed a 
d is c re p a n c y  o f  27«S$. I t  was d e c id e d , th e r e fo r e ,  t o  c a r r y  
o u t a F o u r ie r  s y n th e s is  a p p ly in g  the  s ig n s  o f  th e se  s t r u c tu r e  
fa c t o r s  to  th e  o b se rve d  s t r u c tu r e  f a c t o r s .
3 ) •  R e fin e m e n t by F o u r ie r  S y n th e s is .
A F o u r ie r  s y n th e s is  was c a r r ie d  o u t ,  p r o je c t in g  down 
th e  b - a x is  on to  a p la n e  p e rp e n d ic u la r  to  th e  b - a x is  h a v in g  
s id e s  a s in  and c s in
F o r th e  c o m p u ta tio n , th e  a - a x is  was d iv id e d  in to  s i x ­
t i e t h s ,  a/6 0  » .1 7 lS  and th e  c - a x is  in to  t h i r t i e t h s ,  ° /3 0  =
•1278* The sum m ation was c a r r ie d  o u t ove r o n e -h a lf  o f  th e
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u n i t  c e l l  (-ga b y  c ) by  means o f  R o b e rts o n ’ s s t r ip s  w h ich  
g iv e  th r e e - f ig u r e  a c c u ra c y . The r e s o lu t io n  in  th e  F o u r ie r  
map ( f i g . 2 ) was n o t  v e ry  good, and so th e  d e te rm in a t io n  o f  
a to m ic  c e n tre s  was r a th e r  u n c e r ta in -
S t ru c tu re  fa c t o r s  c a lc u la te d  fro m  c o o rd in a te s  e s t im a te d  
fro m  the  ( h o i)  p r o je c t io n  showed a s ig n  change in  o n ly  one 
p la n e ,  and i t s  v a lu e  was v e ry  s m a ll.  S in ce  th e  r e s o lu t io n  
was p o o r ,  i t  was d e c id e d  t h a t  th e  l i m i t  o f  re f in e m e n t by  
tw o -d im e n s io n a l F o u r ie r  a n a ly s is  had been re a c h e d .
4 )  • F in a l  R e s u lts  ( h o i)  zone.
A l i s t  o f  c a lc u la te d  and ob se rve d  s t r u c tu r e  fa c to r s  f o r  
a l l  p la n e s  i n  th e  (h o i)  zone i s  g iv e n  in  A p p e n d ix  I ,  T a b le  9 . 
The d is c re p a n c y , exp resse d  as
( l F obsl ~~ lFc a lc l)
£  |F obs|
was c a lc u la te d  a s l6 « 9 $ .
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F ig » 2 . F u ro ic  A c id :  P r o je c t io n  a lo n g  b - a x is .
Each c o n to u r l in e  re p re s e n ts  an?e le c t r o n  d e n s ity  
in c re m e n t o f  one e le c t r o n  p e r 8  .
The l i n e  re p re s e n t in g  an e le c t r o n  d e n s ity  o f  one 
e le c t r o n  p e r 8  i s  d o t te d .
32.
C . I n v e s t ig a t io n  o f  ( o k l)  zone .
S in ce  th e  r e s o lu t io n  o b ta in a b le  in  t h i s  p r o je c t io n  w ou ld  
be even le s s  th a n  in  th e  ( h o i)  p r o je c t io n ,  i t  was d e c id e d  th a t  
no u s e fu l  in fo rm a t io n  w ou ld  be o b ta in e d  fro m  a F o u r ie r  syn ­
t h e s is ,  and so o n ly  a c o n p a r is o n  o f  t h e o r e t ic a l  and o b se rve d  
s t r u c tu r e  fa c t o r s  was made.
1 ) .  O bserved S t ru c tu re  F a c to rs .
The measurements i n  t h is  zone were made in  e x a c t ly  the  
same way as tho se  in  th e  (h ko ) and ( h o i)  zones. The i n ­
t e n s i t ie s  o f  r e f le c t io n s  o f  the  p la n e s  in  th e  ( o k l)  zone 
were e s t im a te d  and a l i s t  o f  co m p a ra tive  in t e n s i t ie s  made; 
th e  range o f  i n t e n s i t ie s  was a p p ro x im a te ly  2 , 0 0 0  to  1 . 64^
o f  th e  p o s s ib le  r e f le c t io n s  were re c o rd e d . From c o r re c te d  
i n t e n s i t i e s ,  the  o b se rve d  s t r u c tu r e  f a c t o r s  were c a lc u la te d .
These c o m p a ra tiv e  s t r u c tu r e  fa c to r s  were s e a le d  by 
com parison  w ith  th e  c a lc u la te d  s t r u c tu r e  f a c t o r s .
2 ) .  T h e o r e t ic a l  S t r u c tu r e  F a c to r s .
The s t r u c tu r e  f a c t o r  f o r  a p la n e  ( o k l)  in  th e  ( o k l)  
zone i s  g iv e n  b y
p c a lc  = i  2 f  c o s ( ^  +  ^ }  2 rs
From th e  y -  and z -c o o rd in a te s  o b ta in e d  fro m  th e  (h ko ) and ( h o i)  
p r o je c t io n s ,  th e  s t r u c tu r e  fa c to r s  f o r  a l l  p la n e s  i n  the ( o k l)  
zone were c a lc u la te d .
3 ) .  F in a l  R e s u lts .
A l i s t  o f  c a lc u la te d  and ob se rve d  s t r u c tu r e  f a c t o r s  f o r
33.
a l l  p la n e s  In  th e  ( o k l)  zone i s  g iv e n  i n  A p p e n d ix  I ,  T a b le  10 . 
The d is c re p a n c y , e xp re sse d  as
£ ' ( l F 6Bsl lFc a lc |)
^ J F obsl
was c a lc u la te d  as 1 2 . 8 ^ .
C o o rd in a te s  and D im ensions o f  the  M o le c u le .
34.
C o o rd in a te s  o f  th e  atoms d e te rm in e d  fro m  the  (h ko ) and 
( o k l)  F o u r ie r  syn th e se s  as f r a c t io n s  o f  u n i t  c e l l  axes were 
exp re sse d  in  A ngstrom  u n i t s ;  th e se  were th u s  th e  c o o rd in a te s  
r e fe r r e d  to  th e  t r i c l i n i c  c r y s t a l  a xe s , and a re  g iv e n  in  
T a b le  1 .
F o r th e  c a lc u la t io n  o f  th e  d im ens ions  o f  th e  m o le cu le  
th e s e  t r i c l i n i c  c o o rd in a te s  were r e fe r r e d  to  o r th o g o n a l axes 
as f o l lo w s .  An a p p ro p r ia te  c h o ic e  o f  o r th o g o n a l axes s im p l i  
f i e d  th e  c a lc u la t io n ;  th o s e  chosen were th e  c r y s t a l  c - a x is ,  
th e  p r o je c t io n  o f  the  a - a x is  on th e  p la n e  p e rp e n d ic u la r  to  
th e  c - a x is ,  i . e . ,  a s in  {$ (compare f i g .  1 . )  and an a x is  a t  
r i g h t  a n g le s  to  a s in  ^  and to  c .  The o r ie n ta t io n  o f  the
t r i c l i n i c  c r y s t a l  axes to  th e se  axes was th e n  fo u n d  by c a l ­
c u la t io n  o f  ^ a ,  i^ a ,  u ;a , ^ b ,  v^b , w b ;  and ^ c ,
\j/c ,  lu c , th e  a n g le s  w h ic h  th e  a , b and c t r i c l i n i c  c r y s t a l  
axes made w ith  the  o r th o g o n a l x ,  y  and .z axes r e s p e c t iv e ly .  
These v a lu e s  a re  l i s t e d  in  T ab le  2 .
Then, fro m  th e  t r i c l i n i c  c r y s t a l  c o o rd in a te s  o f  each 
atom , x ,  y  and z ,  the  o r th o g o n a l c o -o rd in a te s  c o u ld  be c a l ­
c u la te d  as f o l l o w s :
x* = x  cos ^ a  +  y  cos b + z cos c .
y *  = x  cos ^  a + y  cos ^  b + z cos ^  c .
z ! = x  cos u; a + y  cos lu b + z cos tu c .
The o r th o g o n a l c o o rd in a te s  o f  th e  atoms a re  l i s t e d  in  
T a b le  3 .
35.











132 .0 4 0 .8 6 6  • 0 3 .7 5 5 0 .7 70 0 .6 99
o CO 9 6 .3 1 0 2 . 2 7 3 .2 2 .7 4 0 1 .5 52 0 .7 7 5
C3 8 4 .7 1 4 9 .1 124 .8 2 .9 7 9 2 .816 1 .3 21
C4 5 6 .1 158-4 139 .2 1 .596 2 .9 9 1 1.473
C5 25 .5 9 3 .0 91 .2 0 .726 1 .756 0 .9 65
o r 4 9 .2 4 7 .4 5 4 .0 1 .400 0 .895 0 .5 72
° 1
11 6 .1 -1 7 .7 2 . 0 3 .303 —0 * 334 0 .0 25
° 2 1 7 7 .0 7 5 .0 6 1 .2 5 .036 1 .416 0 .6 4 8
Tab le  2 . O r ie n ta t io n  o f  T r i c l i n i c  A xe s .
^  a = ft -9 0 °  = 4 ° 1 6 1 y_ b = 1 0 6 °2 6 ' = 90°
f a  = 90° f b  = 1 6 °4 3 1 f o  = 90°
u>a = /! = 94 °X 6 ' iv b = = 9 2 ° 5 7 'w c  = 0°






c i 3 .5 2 7 0 .7 38 0 .3 8 0
° 2 2 .293 1 .4 86 0 .491
°3 2.174 2 .6 97 0 .955
C4 0 .7 4 5 2 .8 65 1 . 2 0 1
°5 0 .227 1 .682 0 .8 2 1
° r 1.143 0 .857 0 .4 2 1
HO 3 .3 8 8 -0 .3 2 0 -0 .2 0 3
° 2
4 .6 2 1 1 .356 0 . 2 0 0
36.
Prom th e  o r th o g o n a l c o o rd in a te s ,  the  bond le n g th s  in  
th e  m o le c u le  were c a lc u la te d .  These a re  l i s t e d  in  T a b le  4 .
The d is ta n c e s  between atoms in  d i f f e r e n t  m o le cu le s  
were a ls o  c a lc u la te d ;  th e  r e la t io n s h ip  betw een a d ja c e n t 
m o le cu le s  i s  shown in  f i g . 3 . Those in t r a m o le c u la r  d is ta n c e s  
le s s  th a n  4 .5 $  a re  l i s t e d  i n  T a b le  5 .
V a lues  o f  th e  a n g le s  betw een th e  bonds a re  n o te d  in  








Fig«3«  F u ro ic  A c id .  R e la t iv e  P o s it io n s  o f  the
M o le c u le s .
38.
T a b le  4 .  Bond Lengths .
o
Bonds L e n g th  A
C2°3 1 .3 0
C3°4 1 .4 6
G4 °5 1 .3 5
C5 ° r 1 .30
0  Co r  2 1 .3 1
C2 ° 1 1 .4 5
Cl ° l 1 . 2 2
Cl ° 2 1 .2 7
° 1 ° 2 2 . 1 2
T a b le  5 . In te rm o le c u la r  D is ta n c e s .
° 2 a ° lb  
° l a ° 2 b 
° 2 a ° 2 c 
^4a^5e 
^4ac4e 
P ra ^ S f 
c 5ac 5 f
L e n g th  2.
2 .5 5
2 .5 5  
4 .2 0  
4 .2 3  
4 .4 5  
3 .1 4  
3 .7 7











A c c u ra c y  o f  R e s u lts .
In v e s t ig a t io n s  o f  th e  a c c u ra c y  o f  a to m ic  c o o rd in a te s  
28in  re c e n t  y e a rs  showed th a t  th e  g re a te s t  e r r o r s  were 
in t ro d u c e d  by  f i n i t e  te r m in a t io n  o f  F o u r ie r  s e r ie s .  In  
t h i s  p re s e n t in v e s t ig a t io n ,  no c o r r e c t io n  was made f o r  t h is  
f a c t o r ,  and t h i s ,  to g e th e r  w i t h  th e  po o r r e s o lu t io n  o b ta in e d  
in  th e  (h o i)  zon e , sug g e s te d  th a t  th e  e r r o r  i n  th e  bond 
le n g th s  o f  f u r o i c  a c id  d e te rm in e d  in  t h is  a n a ly s is  was p ro ­
b a b ly  o f  th e  o rd e r  o f  - .0 4 $ .
40.
C o n c lu s io n s .
The c o n c lu s io n s  w h ic h  may be drawn fro m  the r e s u l t s  
o f  t h is  in v e s t ig a t io n  a re  as fo l lo w s
(1 ) The bonds in  the fu r a n  r in g  show a c o n s id e ra b le  decrease 
in  le n g th  fro m  c o rre s p o n d in g  s in g le  bond le n g th s .
(2 ) The e x t r a c y c l ic  ca rbon  to  ca rb o n  bond is  s i g n i f i c a n t l y  
s h o r te r  th a n  th e  ca rbon  to  carbon  s in g le  bond. T h is  is  
p resum ab ly  due to  resonance  between the  c a rb o x y l g roup and 
th e  r i n g .
(3 ) There i s  hyd rogen  bo nd in g  between th e  c a rb o x y l groups 
o f  a d ja c e n t m o le c u le s .
(4 )  The atoms fo rm in g  th e  fu ra n  r in g  l i e  to  w i t h in  -.0 3 &  
in  a p la n e  whose e q u a tio n  r e fe r r e d  to  o r th o g o n a l axes is
•228x -  . 671y + 1 .777z -  .382 = 0
The atoms o f  the  c a rb o x y l g roup  l i e  away fro m  th is  p la n e ,
C l by  .3 1 4 $ , Cl, by  .12 7 $ , and 02  by .061$ .
(5 ) The e q u a t io n  o f  the  p la ne  o f  the c a rb o x y l g roup  r e ­
fe r r e d  to  o r th o g o n a l axes i s
•550x -  . 663y + 1 .072z -  1 .857  = 0
T h is  p la n e  makes an a n g le  o f  20 ° w ith  th e  p la n e  o f  the  fu ra n  
r in g *
D is c u s s io n .
I .  Bond L e n g th s .
The d im e ns ion s  o f  the  fu ra n  r in g  fo u n d  in  t h is  i n v e s t i ­
g a t io n  o f  f u r o i c  a c id  in d ic a te  c o n s id e ra b le  s h o r te n in g  o f  a l l  
th e  bond le n g th s  fro m  th o se  o f  s in g le  bonds.
In  fu r a n  i t s e l f ,  s im i la r  decreases in  bond le n g th s  in  
th e  r in g  were no ted  in  e le c t r o n  d i f f r a c t i o n  in v e s t ig a t io n s  
and P a u lin g  and S ch o m a ke r^  sug ges ted  t h a t  th e  e x p la n a t io n  
m ig h t be fo u n d  in  the  presence o f  an unshared  e le c t r o n  p a ir  
on th e  oxygen a tom - From th e  h e a t o f  h y d ro g e n a tio n  o f  fu ra n ,  
th e  resonance e ne rgy  was c a lc u la te d  by them as 2 3 K /c a l.  p e r 
m o le . ,  and t h i s  c o u ld  be accoun ted  fo r m e ith e r  by the  c a n o n ic a l 
s t r u c tu r e s  o f  a c o n ju g a te d  d ie n e  ( I ) n o r  by s t ru c tu re s  
ana logous to  th o se  in  d i v i n y l  e th e r  ( I I )  w h ich  le a d  to  a 
resonance  energy o f  o n ly  3 .4 K  c a l/m o le .
I  I I  I I I
On th e  o th e r  hand , s t r u c tu r e s  o f  ty p e  I I I  have no 
c lo s e  ana logues in  e i t h e r  a c o n ju g a te d  d ie n e  o r  in  c d iv in y l  
e th e r ;  th e y  a re  r e la t i v e l y  s ta b le  s in c e  th e  fo rm a l charges 
a re  n o t  w id e ly  s e p a ra te d . They a r e ,  th e r e fo r e ,  p ro b a b ly  
re s p o n s ib le  f o r  a la rg e  p a r t  o f  the  c o m p a ra tiv e ly  la rg e  
resonance  en e rg y  o f  fu ra n *  P a u lin g  and Schom aker^^, fro m
42.
a c o n s id e r a t io n  o f  th e  le n g th s  o f  th e  r in g  oxygen bonds, 
c a lc u la te d  t h a t  the  c o n t r ib u t io n  o f  th e se  s t ru c tu re s  was 
a b o u t 8 fs. However, th e y  p o in te d  o u t th a t  a c o n s id e ra t io n
o f  d ip o le  moments g iv e s  a d i f f e r e n t  f i g u r e .
The d ip o le  moment o f  fu ra n  in  benzene s o lu t io n  is  0 .67D ,
whereas t h a t  o f  te t r a h y d ro fu ra n  is  1 . 6 8 D .  T h is  d if fe re n c e  
i n  moment is  d u e , in  p a r t ,  to  th e  change o f  C-H moments com­
b in e d  w i t h  a resonance  moment i n  the  same d i r e c t io n  o f  abou t 
• 95D, th e  e f f e c t  o f  ch a ng in g  th e  an g le s  i n  the  r in g  b e in g  
n e g le c te d .  T h is  resonance moment co rresponds to  t o t a l  con­
t r ib u t io n s  fro m  cha rged  s t r u c tu r e s  o f  a b o u t 1 5 ^ . The f ig u r e  
c a lc u la te d  fro m  bond le n g th s  was th u s  r a th e r  le s s  th a n  
e x p e c te d .
Prom a com parison  o f  th e  bend le n g th s  in  the  r in g  fou nd  
i n  th e  p re s e n t in v e s t ig a t io n  and those  fo u n d  fro m  e le c t r o n  
d i f  f r a c t i o n ^  > H  (T ab le  7 ) ,  i t  i s  e v id e n t th a t  the  resonance
in  f u r o ic  a c id  is  v e ry  much g r e a te r .
T a b le  7 . Com parison o f  R in g  Bond Leng ths  in  Fu ran  and F u ro ic
A c id .
Bond
L e n g th  & 
in  F u ro ic  A c id
L e n g th  $. 
i n  Fu ran
C2C3 1 .3 0 1 .35
C3C4 1.46 1 .4 6
C4°5 1 .35 1 .35
C5 0 r 1 .3 0 1 .4 1
° r c 2 1 .3 1 1 .4 1  |I
43.
T h is  was to  be exp ec te d  in  v ie w  o f  th e  g re a te r  che m ica l 
s t a b i l i t y  o f  f u r o ic  a c id ,  and i t s  more d e f in i t e  a ro m a tic  
c h a ra c te r .  The c a rb o x y l g roup  has a s t a b i l i s i n g  e f f e c t  
c o rre s p o n d in g  to  a resonance  e n e rg y  o f  28K c a l/m o le  f o r  a c id s  
due to  resonance between s t r u c tu r e s  such  as
In  f u r o ic  a c id  th e re  must be some c o n s id e ra b le  resonance be­
tween th e  r in g  and the c a rb o x y l group., as w e l l  as between th e
members o f  these  groups th e m se lve s . The le n g th  o f  th e  e x t ra
o
c y c l i c  ca rbon  to  ca rbon  bond, 1 .45A , re p re s e n ts  a bond h a v in g  
20fo d o u b le  bond c h a ra c te r ;  t h is  wa3  c a lc u la te d  fro m  fo rm u la e
oq
g iv e n  by P a u lin g  and Wheland . There m ust, th e re fo re ,  be 
c o n t r ib u t io n s  fro m  s t r u c tu re s  o f  the  ty p e  A and B
The c o n s id e ra b le  d e crea se  in  le n g th  o f  th e  bonds C2 0r , 
C5 0 r  and th e  s l i g h t  s h o r te n in g  o f  C2 C3  in  f u r o i c  a c id  compared 
w i th  th e  v a lu e s  fo u n d  fro m  fu r a n ,  in d ic a te  c o n t r ib u t io n s  fro m  
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The n u c le a r  resonance  in  t h is  compound th u s  enhances
th e  resonance o f  th e  c a rb o x y l g ro u p , r e s u l t in g  in  g re a te r
s t a b i l i s a t i o n  and in c re a s e  in  resonance e n e rg y .
I I *  In te rm o le c u la r  D is ta n c e s .
The m o le c u le  is  f u r t h e r  s t a b i l is e d  by s t ro n g  hyd rogen
b o n d in g  between th e  c a rb o x y l g roups o f  n e ig h b o u r in g  m o le cu les
o
The v a lu e  o f  bond le n g th ,  2 .5 5 A , i s  c lo s e r  to  th e  v a lu e  found
31in  the a c id  s a l t  o f  p -h y d ro x y  b e n z o ic  a c id  tha n  to  th a t
20—23fo u n d  in  a l ip h a t i c  a c id s  , and t h is  typ e  o f  a rrangem ent
in  w h ic h  two c a rb o x y l g roups a re  l in k e d  a c ro s s  a c e n tre  o f
20—23sym m etry by hyd rogen  bonds i s  v e ry  common • In  a fe w
c a se s , th e  hydrogen bond is  re q u ire d  to  be s y m m e tr ic a l b e -
31cause o f  space g roup  c o n s id e ra t io n s  , b u t t h i s  i s  ra re  and 
in  f u r o ic  a c id ,  th e  hyd rogen  bond need n o t be s y m m e tr ic a l.
45.
The o n ly  o th e r  in te r rn o le c u la r  le n g th  w h ich  appears to
be anom a lous, is  th e  d is ta n c e  between 0 pa and C ^ ,  v i z . ,
3 .14A * The van d e r W a a l's  ra d iu s  f o r  oxygen is  ab o u t 1 .4 0 $ ,
o
and f o r  ca rb on  in  an a ro m a tic  m o le cu le  abou t 1 .8 5A , g iv in g  a 
van d e r W a a l's  c o n ta c t  d is ta n c e  o f  a p p ro x im a te ly  3 .2 5 $ . The 
d e v ia t io n  is  n o t g re a t  in  v ie w  o f  the  u n c e r ta in ty  o f  the  van 
d e r W a a l's  v a lu e s .  The s h o r te n in g  may be due to  an a t t r a c t io n  
o f  the  oxygen w ith  p o s i t iv e  fo rm a l charge to  the  ca rbon  Co
w h ich  may be w r i t t e n  w ith  a n e g a t iv e  charge in  some s t ru c tu re s  
such  as E . T h is  l a t t e r  f a c t  i s  s u b s ta n t ia te d  by the  f a c t  
th a t  b ro m in a t io n  o f  f u r o ic  a c id  g iv e s  5 -b ro m o fu ro ic  a c id .
From a s tu d y  o f  th e  in te r rn o le c u la r  d is ta n c e s ,  i t  can 
be seen th a t  the  s t r u c tu r e  i s  v e ry  lo o s e ly  l in k e d ;  o n ly  two 
d is ta n c e s  le s s  th a n  4 .0 ^  a re  re c o rd e d . Two m o le cu le s  a re  
l in k e d  to  each o th e r  by hyd rogen  bonds, and these fo rm  th e  
re p e a t in g  u n i t  o f  a la y e r  s t r u c tu r e .  T h is  w ou ld  e x p la in  the  
v e ry  p ronounced c le a va g e , and th e  h ig h  b ire f r in g e n c e  m oted in  
f u r o ic  a c id .  These v a lu e s  d i f f e r  c o n s id e ra b ly  fro m  th e  
d im e ns ion s  o f  the  fu ra n o s e  r in g  fo u n d  in  sucrose  sodium  
b ro m ide  d ih y d r a te ,  in  w h ic h  some un u su a l bond le n g th s  were 
n o te d . Some decrease  in  the  bond le n g th s  fro m  s in g le  bond 
le n g th s  were fo u n d , b u t i t  i s  in te r e s t in g  to  no te  th a t  in  
t h i s  m o le c u le , th e  le n g th s  o f  th e  fo rm a l do u b le  bonds a re  
c o n s id e ra b ly  g r e a te r  th a n  obse rved  in  th e  e le c t r o n  d i f f r a c t i o n  
in v e s t ig a t io n  o f  fu ra n  i t s e l f  (1 .4 4  compared w i th  1 .3 5 ) ,
46.
s u g g e s t in g  th a t  th e re  i s ,  i n  f a c t ,  s u p p re s s io n  o f  even norm a l 
resonance to  some e x te n t .
I l l *  Bond A n g le s .
The bond a n g le s  in  the  fu ra n  r in g  in  f u r o ic  a c id  (Tab le  6 )
a re  s l ig h t ly  d i f f e r e n t  fro m  th e  te t r a h e d r a l  a n g le , as is  to  be
exp e c te d  fro m  th e  s h o r te n in g  o f the  bonds. They agree f a i r l y  
w e l l  w i t h  the  v a lu e s  fo u n d  fro m  e le c t r o n  d i f f r a c t i o n  in v e s t i ­
g a t io n s  . In  the  c a rb o x y l g ro u p , th e  an g le  is  ra th e r
le s s  th a n  u s u a l ly  re p o r te d  v ^ . T h is  d is t o r t io n  may be due 
to  th e  f a c t  t h a t  the  c a rb o x y l g roup  is  n o t  in  the p la n e  o f  
th e  r i n g .
IV .  P la n a r i t y .
I t  has been fo u n d  th a t  th e  fu r a n  r in g  and the  c a rb o x y l 
g roup  a re  n o t  c o p la n a r  b u t l i e  in  tw o p la n e s  in c l in e d  to  each 
o th e r  a t  2 0 ° .  P ro b a b ly , the  b e s t id e a  o f  the  r e la t io n  o f
th e  c a rb o x y l g roup  to  th e  r in g  is  g iv e n  by  th e  in c l i n a t io n  o f
th e  e x t r a c y c l ic  ca rbon  to  ca rb o n  bond. T h is  bond makes an 
a n g le  o f  1 2 .5 °  w i th  the  r i n g .
A compound such as f u r o ic  a c id ,  where th e re  i s  c o n ju g a ­
t i o n  between tw o re s o n a t in g  system s ( v iz .  th e  fu ra n  r in g  and 
th e  c a rb o x y l g ro u p ) ,  may be compared w i th  d ip h e n y l.  T h is  
compound,
47.
i s  s t a b i l i s e d  n o t  o n ly  b y  resonance in  the benzene r in g s ,  b u t 
a ls o  to  a s m a ll e x te n t-b y  c o n ju g a t io n  betw een th e  r in g s  due 
to  c o n t r ib u t io n  fro m  s t r u c tu r e s  such  as
The resonance i s  g re a te s t  when th e  m o le cu le  is  p la n a r ,  
and , th e r e fo r e ,  t h i s  i s  th e  expec te d  c o n f ig u r a t io n .  The 
same e f f e c t  s h o u ld  o c c u r w i th  a c a rb o x y l g ro u p . I n  f u r o ic  
a c id ,  how eve r, th e  c a rb o x y l g roup  is  n o t in  the  p la ne  o f  the  
r i n g .  S e v e ra l fa c to r s  may c o n t r ib u te  to w a rd  th e  s l i g h t  
d e v ia t io n  fro m  p la n a r i t y .  F i r s t l y ,  th e  r in g  is  n o t e n t i r e ly  
a ro m a tic  i n  n a tu re ,  and bond a n g le s  o f  1 2 0 °  w ou ld cause con ­
s id e ra b le  s t r a in  in  th e  m o le c u le . S e co n d ly , s t e r i c  e f f e c ts  
may cause d i s t o r t i o n  o f  th e  c a rb o x y l g ro u p . T h i r d ly ,  th e re  
may be some a t t r a c t io n  betw een th e  p o s i t i v e ly  cha rged  oxygen 
atom  o f  th e  r in g  and the c o rre s p o n d in g  n e g a t iv e ly  charged 
oxygen o f  the  c a rb o x y l g ro u p : t h is  w ould cause b u c k lin g  o f
th e  s t r u c t u r e ,  f o r c in g  the e x t r a c y c l ic  ca rbon  to  ca rb on  bond 
o u t o f  th e  p la ne  o f  th e  r in g .  I t  is  in te r e s t in g  to  no te  
t h a t  th e  ca rbon  o f  the  c a rb o x y l g roup  is  f u r t h e s t  o u t o f  the  
p la n e  o f  the r in g  w i th  the  two oxygen atoms as n e a r ly  in  the  
p la n e  as p o s s ib le :  one, in d e e d , is  o n ly  .06-S o u t o f th e
p la n e .
In  su c ro se  sodium  brom ide  d ih y d ra te 1  the  fu ra n  r in g
48.
shows some u n expe c ted  fe a tu r e s .  P our o f  the  r in g  members, 
in c lu d in g  the  oxygen atom , a re  i n  one p la n e , w ith  the f i f t h  
atom  away fro m  t h i s  p la n e  by a b ou t 0*5.$. In  th is  case , th e  
d e p a r tu re  fro m  p la n a r i t y  o f  the  r in g  e f f e c ts  a more g e n e ra l 
p la n a r i t y  o f  th e  m o le c u le , even th o u g h  t h is  in v o lv e s  some 
degree o f  d i s t o r t i o n  fro m  th e  te t r a h e d r a l  a n g le :  the  average
bond a n g le  is  1 0 4 °.
T h is  d is c u s s io n  has been p u re ly  q u a l i t a t i v e .  A m o le­
c u la r  o r b i t a l  t re a tm e n t such  as has been c a r r ie d  o u t in  th e
32case o f  th e  f  ive-m em bered h e te r o c y c l ic  th io p h e n e  sh o u ld  
y ie ld  in t e r e s t in g  r e s u l ts  fro m  a t h e o r e t ic a l  p o in t  o f  v ie w . 
Such a s e m i- q u a n t i ta t iv e  tre a tm e n t w ou ld  g iv e  more d e f in i t e  
e v id e n c e  o f  th e  re a so n  f o r  th e  bond le n g th s  e s ta b lis h e d  by 
t h i s  in v e s t ig a t io n *
A p p e n d ix  I .
T a b le s  o f  C a lc u la te d  and Observed
S tru c tu re  F a c to r s .
















































8. Observed and Calculated Structure Factors (hk6) Zone.
2  s in  6 Po b s . Pc a lc
.156 9 .0 - 8 . 2
.236 17 .1 19 .1
.242 21 .4 2 0 . 6
.312 1 2 . 8 -1 3 .0
.316 4 3 .1 -4 2 .5
.335 14 .4 1 4 .6
.440 8 .9 -9 .3
.452 < 0 . 6 - 0 . 2
.465 17 .2 17 .9
.468 < 0 . 6 1 .7
.472 4 .6 6 .9
.485 12 .7 - 1 2 . 8
.536 1 . 0 1 . 0
.560 2 6 .1 2 5 .5
.581 1 . 8 0 .4
.605 3 .1 -4 .8
.624 4 .9 -5 .3
.632 2 1 .5 -2 0 .7
.670 23 .4 -2 3 .6
.674 4 *4 4 .6
.681 2 .5 0 . 6
.708 14 .0 -1 4 .2
.726 14 .2 18 .6
.730 1 0 . 8 - 1 1 . 1
.749 1 . 8 0
.751 3 .2 -1 .9
.762 < 0 . 8 - 2 . 1
.780 2 3 .1 -2 3 .5
.797 7 .1 -8 .9
.850 9 .5 - 8 . 2
.878 6 . 1 -5 .9
.880 5 .3 -4 .4
.890 < 0 .9 1 .5
.892 9 .5 - 1 1 . 2
.904 7 .0 5 .8
.905 < 0 .9 0 . 1
.910 13 .9 -1 4 .6
.926 6*3 5 .6
.930 7 .8 10 .9
.936 12 .7 10 .9
.944 < 0 .9 0 . 6
.950 7 .0 8 .7
.965 7 .4 7 .8
.998 9 .5 1 0 . 0
1.004 4 .8 -5 -4
(hko) 2  s in  0 Fo b s . "^ca lc
520 1.016 7 .6 7 .0
610 1.029 10-4 9 .2
540 1.044 < 1 . 0 - 1 . 2
710 1.056 7 .1 - 6 . 6
720 1.066 < 1 . 0 0 .3
430 1.067 7 .9 7 .4
240 1.074 < 1 . 0 1 .4
700 1.092 1 .7 1 .5
640 1 . 1 2 2 4 .2 4 .9
730 1.123 3 .6 -3 .0
250 1.131 3 .6 4 .8
350 1.139 3 .7 -3 .8
150 1.144 4 .8 -4 .6
340 1.161 3 .3 - 2 . 1
620 1.165 2 .9 3 .5
450 1.169 8 . 8 8 .5
050 1.180 1 . 8 2 . 6
710 1.187 < 1 . 0 - 1 . 6
530 1.192 8*5 8 .3
820 1 . 2 1 2 6 .3 - 6 . 2
810 1.214 5 .4 4 .9
550 1.218 2 .9 1 .4
150 1.232 1 .3 -3 .2
740 1.234 8 .3 -8 .9
800 1 .248 3 .2 3 .0
830 1.253 3 .2 - 1 . 8
440 1.270 8 .8 8 . 1
650 1.287 l .S 2 . 2
250 1.300 3 .2 -2 .9
720 1.309 8 . 6 7 .8
630 1.322 < 1 . 1 - 1 . 0
840 1.340 5 .7 -5 .3
810 1.342 < 1 . 1 -0 .4
260 1.348 1 .9 1 . 2
360 1.355 5 .8 -5 .8
920 1.357 11.4 1 0 . 2
910 1.365 7 .0 6 . 6
750 1.372 < 1 . 1 0 .4
460 1.372 1 .5 -1 .9
160 1.376 4 .8 -4 .9
350 1.379 < 1 . 1 - 0 . 8
930 1.386 7 .0 6 . 6
540 1.389 2 .9 -3 .9
900 1.404 4 .1 -4 .5
5E0 1.405 9 .1 9 .6
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(hko) 2  s in O F ,  o b s . F c a lc
060 1.416 5 .2 -5 .6
660 1 .452 < 1 . 1 0 . 8
940 1.460 2 .3 - 1 . 8
850 1 .462 2 .3 2 . 1
730 1 .4 6 8 1 .3 0 .5
820 1 .470 1 .3 -1 .9
160 1 .470 3 .0 3 .6
450 1 .480 6 . 2 5 .3
910 1.495 < 1 . 1 -0 .3
1 0 , 2 0 1.504 < 1 . 1 - 1 . 1
640 1 .510 6 . 1 -5 .2
1 0 , 1 0 1 .5 25 4 .7 -4 .3
10 ,30 1 .5 25 1 . 8 1 .3
760 1 .526 2 .3 - 1 . 6
260 1 .5 3 8 2 .3 2 .5
1 0 , 0 0 1 .5 60 < 1 . 1 - 0 . 8
950 1 .560 3 .2 -3 .2
550 1.584 6 . 1 -5 .9
10 ,40 1 .585 1 .5 0 .4
370 1 .5 88 <1 . 1 - 1 . 2
270 1 .593 <1 . 0 0 . 2
470 1.595 6 . 6 -7 .1
860 1 .698 - 0 .7 0 . 8
920 1.607 <1 . 0 - 1 . 0
830 1 . 6 1 0 5 .2 - 6 . 1
360 1 .613 < 1 . 0 0 .4
170 1 .616 < 1 . 0 -0 .3
570 1 .616 2 .5 1 . 6
740 1 .635 < 1 . 0 0 . 1
070 1.652 < 1 . 0 0 .5
1 0 , 1,0 1.652 2 . 8 2 .5
670 1 .656 < 1 . 0 0
1 1 , 2 p 1 .6 61 < 1 . 0 - 0 . 2
10,5,0 1 .674 1 .7 - 1 . 6
1 1 , 1 , 0 1 .679 1-4 - 1 . 8
960 1 .690 1 .7 1 .3
460 1.700 < 1 . 0 0 .4
650 1 .700 < 1 . 0 0 .5
170 1 .708 4 .8 5 .3
770 1 .7 08 1 .7 2 -4
1 1 , 0 0 1 .716 1 .4 -1 .5
11 ,30 1.721 1 . 1 0 .5
11,4,0 1 .726 < 0 .9 0 . 2
930 1.753 < 0 .9 0 . 1
1 0 , 2 , 0 1 .755 < 0 .9 - 0 . 1
870 1 .771 < 0 .9 - 0 . 1
840 1 .772 < 0 .9 -0 .4
270 1.773 0 .9 - 1 . 6
1 0 , B , 0 1.787 1 . 2 -1 .4
(hko) 2  s in  6 Fo b s . ■^cal
560 1.801 1.4 -1 .3
1 1 ,5 ,0 1 .805 0 .9 - 1 . 1
480 1 .808 1 .3 - 1 . 1
1 1 , 1,0 1.814 1 . 1 - 1 . 0
1 2 , 2 , 0 1.814 <0 . 8 -0 .4
280 1.815 1 .3 1 .3
380 1.815 <0 . 8 0 .3
1 2 ,3 ,0 1 .816 1 . 1 0 .7
750 1.822 <0 . 8 0 . 8
580 1 .829 <0 . 8 0 .7
1 2 , 1 , 0 1.835 < 0 . 8 -0 .5
970 1.844 <0 . 8 0 . 1
370 1 .8 4 6 < 0 . 8 - 0 . 2
180 1.854 < 0 . 8 0 . 6
1 2 ,4 ,0 1.857 3 .2 1 . 2
680 1.860 1 . 2 - 2 . 0
1 2 , 0 , 0 1.872 < 0 .7 0 . 6
080 1 . 8 8 8 < 0 .7 0 . 2
1 0 ,3 ,0 1.896 < 0 .7 0 .4
780 1.902 < 0 .7 -0 .5
1 1 , 6 , 0 1.903 <0 .7 0 .3
940 1.907 <0.7 -0 .5
660 1.910 < 0 .7 0 . 2
1 1 , 2 , 0 1.915 < 0 .7 -0 .9
1 2 ,5 ,0 1.921 0 .9 1 .5
470 1.927 < 0 . 6 -0 .3
1 0 ,7 ,0 1.929 < 0 . 6 -0 .3
880 1.934 <0.4 1 . 8
180 1 .945 <0 .4 1 . 6
850 1 .946 <0 .4 -0 .9
1 3 ,2 ,0 1.957 <0.4 0 . 2
1 3 ,3 ,0 1 .959 < 0 .4 - 0 . 8
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Table 9. Observed and Calculated Structure Factors - (hoi) Zone.
( h o i) 2  s in  0 o b s . Fc a lc . (h o i) 2  s in  0 Fo b s . Fc a lc
0 0 1 .406 2 5 .9 26 .3 802 1 .528 1 . 1 - 1 . 2
1 0 1 .429 2 5 .2 2 5 .6 603 1.574 < 0 .9 1 . 6
1 0 1 .442 4 9 .6 -5 0 .3 902 1.598 5 .6 6 .7
2 0 1 .502 8 .7 7 .3 703 1.S03 1 .7 2 . 6
2 0 1 .525 7 .5 -5 .9 1 0 , 0 , 1 1.604 3 .2 - 2 . 8
301 .608 1 2 . 8 12 .9 004 1 . 625 < 0 . 8 - 0 . 8
301 . 636 1 . 8 - 1 . 6 104 1.625 < 0 . 8 -1 .9
401 .732 2 .7 4 .9 104 1 .64  0 < 0 . 8 1 .3
401 .764 8 .9 -8 .5 1 0 , 0 ^ 1 1.641 3 .1 2 . 6
0 0 2 .813 1 1 . 6 - 1 2 . 0 204 1.641 <0 . 8 -0 .3
1 0 2 .820 1 .3 1 . 2 902 1.663 1 . 0 0 .5
1 0 2 .835 4 . 8 —4 *4 204 1.670 < 0 . 8 0 . 1
2 0 2 .857 4 .7 - 5 .8 304 1.670 < 0 - 8 2 .4
501 . 8 6 8 9 .3 -9 .3 703 1.679 1 .7 0 .4
2 0 2 . 8 8 6 3 .1 -4 .7 803 1.710 4 .9 -3 .5
501 .901 4 .0 -5 .2 304 1.712 0 .7 -0 .9
302 .920 9 .3 9 .9 404 1.714 2 . 0 1 .3
302 .958 1 . 8 - 0 . 2 1 0 , 0 2 1.735 < 0 .9 0*5
402 1.004 5 .4 -4 *5 1 1 , 0 1 1.757 1 .5 -1 .7
601 1 .009 2 .3 - 0 . 6 404 1 .769 1 .5 - 0 . 2
601 1.043 11 .3 1 0 .7 504 1.772 1 .4 - 2 . 0
402 1 .050 4 .5 - 1 . 8 803 1 .791 2 .7 -4 .2
502 1.104 2 .7 0 .9 1 1 , 0 , 1 1.793 1 .3 - 1 . 2
701 1.154 4 .7 -3 .8 1 0 , 0 ^ 2 1.802 < 0 . 8 0 . 1
502 1 .155 4 .8 3 .4 ' 604 1 .816 < 0 .7 -0 .9
701 1.191 1 .4 - 2 . 1 903 1.823 1 . 2 1 .7
602 1 .2 1 6 4 .3 4 .0 504 1.837 < 0 .7 -0 .7
003 1 .219 1 .7 -3 .5 604 1.840 < 0 .7 - 1 . 2
103 1 . 2 2 2 1 . 6 -2 .3 1 1 , 0 , 2 1.875 < 0 .7 -0 .7
103 1 .236 1 . 6 1 .3 903 1.909 < 0 .5 1 .3
203 1 .2 45 4 .6 -4 .6 1 2 , 0 ^ 1 1.910 < 0 .5 -0 .3
203 1.273 3 .1 -4 .7 704 1.920 < 0 .5 -0 .9
602 1 .273 1 . 8 3 .4 1 1 , 0 , 2 1 .943 < 0 .5 -1 .4
303 1 .2 86 4 .6 5 .2 1 2 , 0 , 1 1 .946 < 0 .5 1 . 0
801 1 .303 5 .7 4 .2
303 1.327 1 . 8 6 . 1
702 1 .337 3 .4 -1 .7
801 1 .3 39 1 . 8 -1 .4
403 1 .345 2 . 1 -2 .9
403 1 .396 1 .7 2 . 2
702 1.397 2 . 0 3 .5
503 1 .419 3 .7 -3 .4
901 1.453 5 .3 4 .9
802 1 .4  64 5 .6 -4 .9
503 1.480 2 .7 3 .5
901 1 .489 2 .3 - 1 . 0
603 1 .506 1 . 8 -0 .9
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Table 10. Observed and Calculated Structure Factors -(okl) Zone.
( o k l) 2  s in  © obs P. c a lc . ( o k l) 2  s in  © Po b s . c a lc
O i l •454 7 5 .3 7 6 .9 024 1.726 < 1 . 6 2 .C
O i l .485 17 .1 - 1 2 . 8 071 1 .732 < 1 . 6 0 .7
0 2 1 •599 8 . 8 8 .4 053 1.760 2 .7 0 . 6
0 2 1 • 645 1 3 .9 -1 4 .9 072 1.786 < 1 . 6 - 1 . 1
031 .790 < 1 .4 -0 .9 063 1.797 < 1 . 6 -1 .4
0 1 2 .829 13 .3 12 .7 034 1.801 < 1 . 6 1.4
031 • 843 3 .3 - 2 . 2 044 1 .816 < 1 .4 2 .9
0 1 2 .863 5 .7 -8 .5 072 1.895 < 1 . 2 0 .5
0 2 2 .908 30 .4 3 1 .9 081 1 .902 < 1 . 2 - 0 . 2
0 2 2 • 970 3 .5 3 .0 054 1.917 < 1 . 0 -0  .5
041 1 . 0 0 0 1 0 . 8 -9 .5 063 1 .935 < 1 . 0 0
032 1.037 2 . 0 1 .5 044 1.940 1 . 6 1 . 2
041 1 .0 55 9 .2 8 .5 081 1.962 < 0 . 8 0 . 8
032 1 .117 1 1 . 6 1 0 . 6 073 1.978 < 0 . 6 1 .3
042 1 .198 < 2 . 0 0 . 1
051 1 . 2 2 0 < 2 . 0 1 .9
013 1.224 7 .2 -6 .9
013 1 .259 < 2 . 0 -1 .7
023 1.274 5 .9 5 .9
051 1 .277 6 . 1 6 .7
042 1.290 < 2 . 0 - 0 .9
023 1.340 6*5 7 .8
033 1.362 6 . 1 10 .7
052 1 .382 4 .3 -4 .3
061 1.444 < 2 . 0 0 .5
033 1.455 < 2 . 0 2 . 8
052 1.483 < 2 . 0 2 .9
043 1 .485 < 2 . 0 0 . 2
061 1.503 < 2 . 0 1 .5
062 1 .580 < 2 . 0 2 .3
043 1.597 < 1 . 8 2 . 1
014 1.602 < 1 . 8 - 1 . 6
053 1 .632 < 1 . 8 - 0 . 2
014 1 .6 3 8 < 1 . 8 2 . 2
024 1 .658 2 . 2 -3 .2
071 1 .672 < 1 . 8 -4 .0
062 1 . 6 8 6 1 . 8 1 . 0
034 1 .7 02 2 .5 2 .7
TABLE 11 , E x p e r im e n ta l A tom ic  S c a t te r in g  C urve .
2  s in  Q f
. 1 5 .7 0
. 2 5 .32
.3 4 .8 5
• 4 4 .4 0
.5 3 .9 2
. 6 3 .4 6
.7 2 .9 2
. 8 2 .4 8
.9 2 . 0 2
1 . 0 1 . 6 $
1 . 1 1 .3 2
1 . 2 1 . 1 0
1 .3 .9 0
1 .4 .72
1 .5 .60
1 . 6 .49
1 .7 .40
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T r i a l  S t ru c tu re s  (h o i)  Zone.
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T r i a l  S t ru c tu re s  (h o i)  Zone. 
z -c o o rd in a te s  o f  th e  atoms were fo u n d  by th e  methods 
d is c u s s e d  i n  s e c t io n  B, 2 ( b ) .  I n  e v e ry  c a s e , s t r u c tu r e  
fa c to r s  c a lc u la te d  u s in g  th e se  c o o rd in a te s  showed poor a g re e ­
ment w i th  observed  s t r u c tu r e  f a c t o r s .  S im i la r  methods were 
used i n  each case in  a t te m p t in g  to  f i n d  m o d if ic a t io n s  o f  th e  
s e ts  o f  c o o rd in a te s  w h ic h  w ou ld  g iv e  im proved  agreem ent, and 
a few  t y p ic a l  exam ples a re  d is c u s s e d  h e re . These methods 
o f  re f in e m e n t were a p p l ie d  to  each s e t o f  c o o rd in a te s  o b ta in e d  
by th e  methods d is c u s s e d  in  s e c t io n  B, 2 ( b ) .  B o th  c e n tro -  
sym m etric  and n o n -c e n tro s y m m e tr ic  s t r u c tu re s  were c o n s id e re d .
A« C e n tro sym m e tr ic  S t r u c tu re s .
( 1 ) .  R e fin em e n t was a tte m p te d  by the  method fo u n d  s u c c e s s fu l 
in  th e  (h ko ) zone ( s e c t io n  A , 2 (d )^  i . e . ,  the  use o f  s c a le  
d iagram s o f  th e  m o le cu le  and o f  th e  u n i t  c e l l .  The x -c o -  
o rd in a te  was known fro m  the  (hko ) p r o je c t io n ,  so t h a t  any 
atom  c o u ld  move in  th e  (h o i)  p r o je c t io n  o n ly  a lo n g  a l in e  
d e f in e d  by i t s  x - c o o r d in a te .
In  th e  f i r s t  in s ta n c e ,  th e  m o le cu le  was moved as an 
e n t i t y  and a tte m p ts  were made to  p la c e  the atoms so th a t  the y  
made la rg e  c o n t r ib u t io n s  to  p la n e s  o f  h ig h  in t e n s i t y ,  and 
s m a ll c o n t r ib u t io n s  to  p la n e s  o f  lo w  in t e n s i t y .
By th is  m ethod, s e v e ra l t r i a l  s t r u c tu r e s  were n o te d  w h ich  
gave re a s o n a b le  d is c re p a n c y  f o r  a s m a ll number o f  p la n e s , b u t 
in  each case , the  agreem ent became poor when more s t r u c tu r e
56.
f a c to r s  were c a lc u la te d .
In  o rd e r  t o  ensure  th a t  no p o s s ib le  s t r u c tu r e  o f  t h is  
ty p e  had been o v e r lo o k e d , s t r u c tu r e  fa c to r s  f o r  th e  p la ne s  
(0 0 1 ) , (002) and (003) were c a lc u la te d  a t  each t h i r t i e t h  
a lo n g  th e  c - a x is  and th e se  v a lu e s  were g raphed a g a in s t  th e  
p o s i t io n  o f  th e  m o le c u le . From t h is  g ra p h , the  p o s it io n s  o f  
th e  m o le c u le  a t  w h ich  th e re  was agreem ent between observed and 
c a lc u la te d  s t r u c tu r e  f a c t o r s  f o r  the se  p la ne s  c o u ld  be fo u n d .
The l i m i t  o f  re f in e m e n t w i th  t h is  p a r t i c u la r  m odel was th e n  
re a c h e d , and any f u r t h e r  re f in e m e n t th e re fo re  n e c e s s ita te d  
th e  movement o f  in d iv id u a l  atoms r e la t i v e  to  the  o th e r  atoms 
in  th e  m o le c u le .
The f i r s t  atoms c o n s id e re d  were the  oxygen atoms o f  th e  
c a rb o x y l g ro u p . From an e xa m in a tio n  o f  th e  c o n t r ib u t io n s  o f  
th e se  two atoms to  p la n e s  w h ich  gave poor agreem ent between 
o b se rve d  and c a lc u la te d  s t r u c tu r e  f a c t o r s ,  i t  was d e c id e d  th a t  
agreem ent w ou ld  be im proved  by  an in c re a s e  in  th e  z -c o o rd in a te  
o f  one, w i th  a decrease  in  th e  z -c o o rd in a te  o f  the  o th e r .  An 
in te rc h a n g e  o f  th e  s in g le -  and do ub le -bonded  oxygens e f fe c te d  
th e  re q u ire d  movements i n  z -c o o rd in a te s . U s ing  th e se  new 
c o o rd in a te s  o f  th e  oxygen a tom s, to g e th e r  w i th  the  c o o rd in a te s  
fro m  th e  b e s t  p re v io u s  t r i a l  s t r u c tu r e s ,  s t r u c tu r e  fa c to r s  




was c a lc u la te d  to  be 38$ . T h is  i s  n o t v e ry  good, bu t a v e ry  
low  d is c re p a n c y  in  t h i s  zone was n o t  e xp e c te d  due to  th e  
p reponde rance  o f  p la n e s  o f  low  in t e n s i t y .
I t  was d e c id e d  to  e x te n d  th e  re a s o n in g  a p p l ie d  to  th e  
oxygen atoms to  the  r e s t  o f the  m o le c u le . Prom the  p la ne s  
g iv in g  poo r agreem ent i n  th e  p re v io u s  s t r u c tu r e ,  d e d u c tio n s  
ab ou t th e  re q u ire d  d ir e c t io n s  o f  movement o f  the  atoms were 
made.
F o r exam p le , the  observed  and c a lc u la te d  s t r u c tu r e  
f a c t o r s  o f  p la n e s  ( 2 0 2 ) and ( 2 0 2 ) were in  p o o r agreem ent. 
Im provem ent c o u ld  be e f fe c te d  by an in c re a s e  in  th e  z -c o o rd in -  
a te  o f  C-^  to g e th e r  w ith  a decrease in  th e  z -c o o rd in a te s  o f  
Gg, C5  and 0g . The e f f e c t  o f  these  movements o f  the  atoms 
on p la n e s  show ing  good agreem ent was then  c o n s id e re d , and 
a tte m p ts  were made to  f i n d  movements o f  the  atoms w h ich  w ould 
n o t  i n t e r f e r e  w ith  the  p la n e s  g iv in g  s a t is f a c t o r y  c a lc u la te d  
s t r u c tu r e  fa c to r s  w h ile  im p ro v in g  th e  u n s a t is fa c to r y  ones.
C o n s id e ra t io n  o f  th e  p o s s ib le  n o n - p la n a r i t y  o f  th e  
m o le cu le  and o f  the  la t i t u d e  p o s s ib le  i n  m o le c u la r  d im ensions 
( s e c t io n  B, 2 (b ))sh o w e d  th a t  a c o n s id e ra b le  range  o f  a to m ic  
movements c o u ld  be d e r iv e d .  D e s p ite  many a t te m p ts ,  no im p ro ve ­
ment was re c o rd e d ; in v a r ia b ly , b e t t e r  agreem ent w i th  observed  
s t r u c tu r e  f a c t o r  f o r  some p la n e s  r e s u lte d  i n  p o o re r agreem ent 
f o r  o th e rs ,  and th e  t r i a l  s t r u c tu r e  g iv in g  a d is c re p a n c y  o f  
38 ^  rem a ined  th e  m ost s a t is f a c t o r y  o f  th e  c e n tro s y m m e tr ic a l 
s t r u c t u r e s .
B. N o n -o e n tro s y m m e tr ic a l S t r u c tu r e s .
S ince  a l l  a tte m p ts  to  o b ta in  a cen tr© sym m etric  s t r u c tu r e  
had been u n s u c c e s s fu l,  th e  p o s s i b i l i t y  o f  a n o n -c e n tro s y m m e tr ic  
s t r u c tu r e  was in v e s t ig a te d .
In  t h is  case , th e  p o s i t io n  o f  b o th  m o le cu le s  had to  be 
c o n s id e re d , s in c e  th e re  was no c e n tre  o f  sym m etry. The a n g le  
o f  i n c l i n a t io n  o f  b o th  m o le cu le s  to  th e  c -a x is  was th e  same in  
m a g n itu d e , s in c e  the  (hko ) p r o je c t io n  was c e n tro -s y m m e tr ic ,  b u t  
th e re  were two p o s s ib le  d i r e c t io n s  o f  i n c l in a t io n .  These g iv e  
f o u r  p o s s ib le  s e ts  o f  c o o rd in a te s  f o r  any t r i a l  s t r u c tu re  under 
cons id e r a t io n •
F o r any p o s tu la te d  m odel o f  th e  m o le c u le , th e  p o s it io n s  
o f  th e  m o le cu le s  in  th e  u n i t  c e l l  were fo u n d , by c a lc u la t io n  o f  
th e  s t r u c tu r e s  o f  the  th re e  in te n s e  p la n es  ( 0 0 1 ) ,  ( 1 0 1 ) and 
( 1 0 1 ) a t  p o s i t io n s  o f  a re fe re n c e  atom e v e ry  ' V l 8 t h  a lo n g  the  
c - a x is .  The f i r s t  m o le cu le  was p la c e d  a t  0 and the  second 
m o le cu le  moved th ro u g h  th e  range  ^ / l 8 t h  to  ^ / l 8 th s .  The f i r s t  
m o le cu le  was th e n  p la c e d  a t  ^ / l 8 t h  and the second moved th ro u g h  
th e  range  ^ / l 8 t h  to  ^ / l 8 t h s :  t h is  p roced u re  was c o n tin u e d
u n t i l  a l l  p o s s ib le  c o m b in a tio n s  f o r  t h is  p a r t i c u la r  model had 
been c o n s id e re d . P o s it io n s  o f  the re fe re n c e  atom were n o te d  
a t  w h ic h  good agreem ent between observed  and c a lc u la te d  s t r u c t ­
u re  fa c to r s  o f  th e  th re e  p la n e s  was found  and s t r u c tu r e  fa c to r s  
f o r  o th e r  p lanes  i n  the  ( h o i)  zone c a lc u la te d .
I t  was n o te d  t h a t  changes in  g e o m e tr ic  s t r u c tu r e  f a c t o r  
a l t e r e d  the  c a lc u la te d  s t r u c tu r e  f a c t o r  much le s s  in  n o n -c e n tre -
sym m etric  s t r u c tu re s  th a n  in  c e n tro s y m m e tr ic  s t r u c tu r e s . A 
s im i la r  e f f e c t  was in v e s t ig a te d  by W ils o n 5 5 , who p o s tu la te d  
a s t r u c tu r e  w i th  th e  same sym m etry as a c o r r e c t  s t r u c tu r e ,  
b u t  w ith  an u n re la te d  a rrangem ent o f  atom s- M a th e m a tica l 
c a lc u la t io n  o f  d is c re p a n c ie s  showed th a t  th e  d is c re p a n c y  f o r  
an in c o r r e c t  c e n tro s y m m e tr ic  s t r u c tu r e  was 72 tim e s  as 
g re a t  as th a t  f o r  an in c o r r e c t  n o n -c e n tro s y m m e tr ic  s t r u c tu r e  
F o r a n o n -c e n tro s y m m e tr ic  s t r u c tu r e  to  be e s ta b lis h e d ,  th e re  
f o r e ,  th e  d is c re p a n c y  m ust be le s s  th a n  t h a t  c o n s id e re d  
s a t is f a c t o r y  f o r  a c e n tro s y m m e tr ic  s t r u c tu r e .
A tte m p ts  were made t o  f in d  a n o n -c e n tro s y m m e tr ic  
s t r u c t u r e , c o n s id e r in g  v a r io u s  models o f  th e  m o le c u le  b o th  
p la n a r  and non p la n a r ,  b u t w ith o u t  s u cce ss . The number o f  
p o s s ib i l i t i e s  to  be in v e s t ig a te d  was v e ry  g r e a t ,  s in c e  th e re  
was v e ry  l i t t l e  in d ic a t io n  o f  th e  p o s i t io n  o f the  m o le cu le s  
in  t h is  p r o je c t io n .  I t  was th e re fo re  d e c id e d  th a t  f u r t h e r  
a tte m p ts  to  e v a lu a te  the  s t r u c tu r e  w ou ld  be im p ra c t ic a b le  i f  
th e  c e l l  had no c e n tre  o f  sym m etry.
C ♦ F o u r i e r  Synthe s i s .
I n  th e  hope th a t  more d e f in i t e  in fo rm a t io n  w ou ld  be 
o b ta in e d  re g a rd in g  the re q u ire d  movement o f  th e  a to m s, i t  
was d e c id e d  to  t r y  to  r e f in e  th e  t r i a l  s t r u c tu r e  g iv in g  a 
38 ^ d is c re p a n c y  b y  tw o -d im e n s io n a l F o u r ie r  m ethods.
F o u r ie r  syn theses were c a r r ie d  o u t p r o je c t in g  down th e  
b - a x is  u s in g  th e  s ig n s  o f  th e  s t r u c tu r e  fa c to r s  c a lc u la te d
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fro m  th e  t r i a l  s t r u c tu r e  w h ic h  gave 38fo d is c re p a n c y . The 
number o f  p la n e s  w h ic h  c o u ld  be in c lu d e d  in  t h is  s y n th e s is  
was l im i t e d ,  s in c e  th e  p reponderance  o f  p la ne s  o f  low  s t r u c tu r e  
f a c t o r  meant th a t  changes in  s ig n  c o u ld  o c c u r r e a d i ly  w ith  
s m a ll movements o f  the  a tom s. Two F o u r ie r  syn th ese s  were 
c a lc u la te d ,  s in c e  i t  c o u ld  be seen fro m  the s t r u c tu r e  f a c t o r  
e q u a t io n
F, , = 2 f  £  cos 2 IT  (*i£  +  i 2 .) 
h o l  a c
th a t  a change o f  180° i n  c o o rd in a te  o f  a l l  th e  atoms a l te r e d  
th e  s ig n s  o f  s t r u c tu r e  f a c t o r s  where 1  was od d , h u t n o t where 
1  was even*
Each F o u r ie r  s y n th e s is  was c a r r ie d  o u t as. d e s c r ib e d  in  
s e c t io n  B ( 3 ) .
The e le c t r o n  d e n s ity  c o n to u r  map showed r e s o lu t io n  o f  
o n ly  two a to m s , th e  r in g  oxygen atom  and one o f  the  oxygen 
atoms o f  th e  c a rb o x y l g ro u p . Two o f  th e  o th e r  atoms were 
re p re s e n te d  o n ly  as m arked i r r e g u l a r i t i e s  i n  th e  c o u n to u r 
l in e s  ro u nd  the r in g  oxygen ; th e  re m a in in g  fo u r  fo rm ed two 
e l l i p s e s .  T h is  p o o r r e s o lu t io n  a llo w e d  a c o n s id e ra b le  l a t i ­
tu d e  in  e s t im a t io n  o f  th e  c e n tre s  o f  th e  peak, and no im p ro v e ­
ment i n  th e  s t r u c tu r e  was n o te d .
I t  was th e n g h t t h a t  th e  c o o rd in a te s  o f  th e  two re s o lv e d  
atoms w ou ld  be f a i r l y  a c c u ra te  and so fro m  the se  as re fe re n c e  
a tom s, th e  c o o rd in a te s  o f  th e  o th e r  atoms were c a lc u la te d  by 
Method (a ) ( s e c t io n  B , 2 ( b ) ) .  S t ru c tu re  fa c to r s  c a lc u la te d
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f ro m  th e se  c o o rd in a te s  f o r  th e  o b se rve d  p la n e s  in  th e  (h o i)  
zone showed a d is c re p a n c y  o f  35 $ . T h is  d is c re p a n c y  p ro b a b ly  
re p re s e n te d  a r a th e r  b e t t e r  a p p ro x im a tio n  to  th e  s t r u c tu r e  th a n  
i t  appeared to  d o , because th e  h ig h  p r o p o r t io n  o f  low  s t r u c tu r e  
fa c to r s  made a lo w  d is c re p a n c y  d i f f i c u l t  to  o b ta in .  A com­
p a r is o n  o f  t h i s  d is c re p a n c y  w i th  t h a t  i n  th e  (h ko ) zone p ro ­
b a b ly  g iv e s  a b e t t e r  id e a  o f  th e  v a l i d i t y  o f  th e  s t r u c tu r e .
A s im i la r  s i t u a t io n  was fou nd  in  p a r a - n i t r o a n i l i n e . *
The d is c re p a n c y  in  b o th  zones was exp ressed  as th e  
f r a c t io n
where was th e  maximum p o s s ib le  s t r u c tu r e  f a c t o r  f o r
each p la n e .  The d is c re p a n c y  in  th e  (h o i)  zone ,D , was th e n  
c a lc u la te d  fro m
I t  was d e c id e d  th e re fo re  to  c a lc u la te  an (h o i)  F o u r ie r  
s y n th e s is  a p p ly in g  th e  s ig n s  o f  th e  s t r u c tu r e  fa c to r s  c a lc u la te d  
fro m  t h is  s e t  o f. c o o rd in a te s  to  th e  observed  s t r u c tu r e  f a c t o r s .  
The method was e x a c t ly  as d e s c r ib e d  in  s e c t io n  B ( 3 ) .  The 
e le c t r o n  d e n s ity  map drawn fro m  these  F o u r ie rs  were v e ry  s im i la r  
in  appearance to  th e  p re c e d in g  F o u r ie r  syn th e se s  and no f u r t h e r  
in fo rm a t io n ,  o r  re f in e m e n t,  was re c o rd e d .
t FD = D x  p »
where D* = d is c re p a n c y  in  th e  (hko ) zone
F , F* = f r a c t io n s  f o r  ( h o i)  and (h ko ) zones r e s p e c t iv e ly .  
D was c a lc u la te d  to  be 30$ .
P a r t  I I .
The C r y s ta l  and M o le c u la r  S t ru c tu re  
o f
2 :5  D icyano  3 :6  D im e th y l P y ra z in e .
62.
In t r o d u c t io n *
The in v e s t ig a t io n s  o f  th e  s t r u c tu r e  o f  s ix-m em bered 
n i t r o g e n  h e te r o c y c l ic  compounds b y  X - ra y  methods have been 
concerned  m a in ly  w ith  p y r im id in e  d e r iv a t iv e s  such  as am ino - 
c h lo r o p y r im i d in e s 3 3 , and 4 :6  d im e th y l 2 h yd ro xy  p y r im id in e 3 3 . 
No s t r u c t u r a l  in v e s t ig a t io n s  o f  p y ra z in e  o r  o f  i t s  d e r iv a t iv e s  
by X -ra y  methods have so f a r  been r e p o r te d .
P y ra z in e , i t s e l f ,  has been exam ined by e le c t r o n  d i f f r a ­
c t io n  methods by  P a u lin g  and S ch o m a ke r^  who co n c lu d e d  th a t  
th e  s t r u c tu r e  o f  p y ra z in e  was id e n t ic a l  w i th  th a t  o f  benzene. 
T h e ir  c a lc u la t io n s  showed t h a t ,  i f  th e  ca rbon  to  ca rbon  bond
le n g th  was assumed to  be 1 .3 92. as in  benzene, th e  ca rbon  to
o
n i t r o g e n  bond le n g th  was 1 .3 5A , w i th  th e  atoms o f  the  r i n g
fo rm in g  a p la n a r  hexagon* P la n a r i t y  was a ls o  in d ic a te d  by
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s tu d ie s  o f  th e  obse rved  and c a lc u la te d  d ip o le  moments
The o b je c t  o f  th e  p re s e n t in v e s t ig a t io n  was th e  e lu c id a ­
t i o n  by X - ra y  m ethods o f  th e  c r y s t a l  and m o le c u la r  s t r u c tu r e  
o f  2 :5  d ic y a n o  3 :6  d im e th y l p y ra z in e .  T h is  was exp e c te d  to  
g iv e  a v a lu e  f o r  th e  le n g th  o f  th e  ca rb on  to  n i t r o g e n  t r i p l e  
bond l in k e d  to  an a ro m a tic  sys tem , a v a lu e  w h ich  has n o t b e ­
fo r e  been re p o r te d .
Such an in v e s t ig a t io n ,  a ls o ,  i t  was hoped, w ou ld  y ie ld  
in fo rm a t io n  a b o u t th e  e f f e c t  o f  th e  v a r io u s  s u b s t i tu e n ts  on 
the  d im ens ion s  o f  th e  r in g  and a b o u t t h e i r  m u tu a l in t e r a c t io n .
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Any c o n ju g a t io n  between th e  cyano g roup  and th e  p y ra z in e
r in g  s h o u ld  be r e f le c t e d  in  a de crea se  in  le n g th  o f  th e  ca rbon
t o  ca rb o n  bond l i n k in g  them.
The m e th y l g ro u p  is  l in k e d  by a fo rm a l s in g le  bond to  a
c o n ju g a te d  sys te m , v i z .  th e  p y ra z in e  r in g  system  and th e re fo re
41h y p e rc o n ju g a t io n  between th e  s u b s t i tu e n t  and th e  r i n g  may 
ta k e  p la c e .  T h is  in v o lv e s  th e  assu m p tio n  th a t  th e  ca rb o n  to  
hyd rogen  bonds can be t r e a te d  as one q u a s i - t r ip le  bond. The 
e f f e c t  o f  t h is  h y p e rc o n ju g a t io n  is  m ost n o t ic e a b le  in  th e  
a c c e p to r  b o nd , i . e . ,  the  fo r m a l s in g le  bond l in k in g  th e  m e th y l 
g roup  t o  th e  c o n ju g a te d  sys tem . T h is  bond has been re p o r te d  
to  be c o n s id e ra b ly  s h o r te r  th a n  a c o rre s p o n d in g  s in g le  bond
'Z.Q
in  s e v e ra l compounds . The h yp e rco n  ju g a t io n  o f  th e  m e th y l 
g roup  may a ls o  in f lu e n c e  th e  cyano g roup  and a f f e c t  the bond 
le n g th s .
I t  was hoped, to o ,  th a t  th e  e lu c id a t io n  o f  th e  s t r u c tu r e  
o f  2 :5  d ic y a n o  3 :6  d im e th y l p y ra z in e  m ig h t p ro v id e  an e x p la n a ­
t i o n  f o r  th e  re m a rk a b le  h y d r o ly t ic  r e a c t io n  o f  th e  2 :5 d ic y a n o  
3 :6  d is u b s t i t u t e d  p y r a z in e s . T h is  was f i r s t  re c o rd e d  by 
G a s ta ld i^ 57 who fo rm u la te d  th e  r e a c t io n
R
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T h is  r e a c t io n  ta k e s  p la c e  un de r r e la t i v e l y  m ild  c o n d it io n s
64.
F o r exa m p le , Sharp and S p r in g 4 ^ r e p o r t  t h a t  2 :5 d icya n o  
3 :6  d im e th y l p y ra z in e  ( I )  gave a 50$ y ie ld  o f  the a c id  ( I I )  
when warmed w i t h  15$ p o ta s s iu m  h y d ro x id e .
- ■ - . i  i
65.
E x p e r im e n ta l.
(1 ) •  P re p a ra t io n *
The sample o f  2 :5  d ic y a n o  3 :6  d im e th y l p y ra z in e  was
40o b ta in e d  fro m  P ro fe s s o r  P .S . S p r in g  . R e c r y s t a l l i s a t io n
o
fro m  benzene gave s in g le  c r y s t a ls ,  m .p . 210 C* These were 
ta b u la r  i n  shape , and showed w e ll-d e v e lo p e d  fa c e s  in  tw o 
d im e n s io n s .
( 2 ) .  O p t ic a l  M easurem ents.
a ) .  E x t in c t io n  was n o te d  un de r the  p o la r is in g  m ic ro scope  a t  
p o s i t io n s  90° a p a r t .
b ) .  R e f r a c t iv e  in d ic e s  in  th e  d ir e c t io n s  in  th e  p la n e  o f  th e  
p la te  were d e te rm in e d  b y  the  Becke l i n e  method^ • In  th e  
d i r e c t io n  p e rp e n d ic u la r  to  th e  p la n e  o f  the p la t e ,  th e  r e ­
f r a c t i v e  in d e x  was measured u s in g  a m o d if ie d  P u l f r i c h  r e -
f ra c to m e te r  by D r- H o lg a te  o f  th e  G eology D epartm ent o f  t h i s  
45U n iv e r s i t y  . The v a lu e s  fou nd  w e re :
<< = 1 .5 8
/  a 1 .6 15  / " ' X ®  1 -6 1 7 *0 .0 3
y a 1 .620  7
cA , jS and y were measured in  d i r e c t io n s  p a r a l l e l  to  th e  a ,
b ,  and c axes r e s p e c t iv e ly .
( 3 ) .  D e n s ity .
The d e n s i t y ,  m easured by f l o t a t i o n  i n  p o ta s s iu m  io d id e  
s o lu t io n ,  was 1 .2 96  g m ./m l.
(4 ) •  X-Ray In v e s t ig a t io n .
A l l  ph o to g ra ph s  were ta k e n  u s in g  copper ta r g e ts  g iv in g
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CuKcX r a d ia t io n  ( h = 1 .5 4 A ). The Cu K /  r a d ia t io n  was
e l im in a te d  by a n ic k e l  f i l t e r .  R o ta t io n  and o s c i l l a t i o n
ph o to g ra p hs  were ta k e n  u s in g  a c y l i n d r i c a l  camera o f  ra d iu s  
3 .0 0  cms.
Zero  la y e r  m oving  f i l m  p h o to g ra ph s  and m u lt ip le  f i l m  
s e r ie s  abou t each o f  the  th re e  u n i t  c e l l  axes w ere ta k e n  on a 
h o r iz o n ta l  W eissenberg  a p p a ra tu s  w i t h  cameras o f  ra d iu s  
3 .9 9  cms. and 3 .9 4  cms.
( 5 ) .  U n i t  C e l l  D im e n s io n s .
a = 6 .1 4 fi* .0 a S . t> = 8 . V IA  i o 3 $ .  c = 15.43A -.0 3 A  
Volume = 8 2 5 .2  cuS.
No. o f  m o le c u le s  i n  u n i t  c e l l  = 4 .
D e n s ity  o b se rve d  = 1 .296  g m ./m l.
D e n s ity  c a lc u la te d  = 1 .276  g m ./m l.
( 6 ) •  C r y s ta l  System .
O s c i l la t io n  p h o to g ra ph s  a b o u t each o f  th e  th re e  u n i t  
c e l l  axes showed sym m etry. The th re e  axes were th e re fo re  
m u tu a lly  p e rp e n d ic u la r  and th e  c r y s t a l  system  was o r th o rh o m b ic .
( 7 ) .  Space G roup.
O bserved r e f le c t io n s  were :
( h o i)  o n ly  when 1  = 2 n -
(h ko ) o n ly  when h  = 2 n
( o k l)  o n ly  when k  = 2 n*
The space g ro u p  was th e re fo re  ^ c a *
The symm etry o f  t h is  space group re q u ire d  e ig h t  asym­
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m e tr ic  -u n its .  S ince  th e re  were o n ly  fo u r  m o le cu le s  o f  2 :5  
d ic y a n o  3 :6  d im e th y l p y ra z in e  i n  the  u n i t  c e l l ,  th e  m o le cu le s  
must he c e n tro s y m m e tr ic , w i th  th e  c e n tre  o f  sym m etry l y in g  a t  
p o in t  p o s i t io n s
a ) 0 0 0 , ggO, O H ,
b) ooi, Hi, ojo, Joo.
The fo l lo w in g  d ia g ram  shows th e  sym m etry e lem en ts  o f  





The in v e s t ig a t io n  o f  th e  c r y s t a l  and m o le c u la r  s t r u c tu r e  
o f  2 :5  d ic y a n o  3 :6  d im e th y l p y ra z in e  was c a r r ie d  o u t by  t r i a l  
s t r u c tu r e  m e thods, fo l lo w e d  by  re f in e m e n t by tw o -d im e n s io n a l 
F o u r ie r  syn th ese s  (P a r t  I ,  p . 1 0 ) .  B e fo re  a t r i a l  s t r u c tu r e  
c o u ld  be s u g g e s te d , i t  was n e ce ssa ry  to  p o s tu la te  d im e ns io n s  
o f  th e  m o le c u le .
a ) . D im ensions o f  th e  M o le c u le .
( i )  R in g  Bonds *
As s ta te d  in  th e  In t r o d u c t io n ,  e le c t r o n  d i f f r a c t i o n  
r e s u l t s ^  showed th a t  p y ra z in e  had a p la n a r  s t r u c tu r e  w i th
ca rbon  to  ca rbon  bond le n g th s  o f  1.39.S, and ca rbon  to  n it r o g e n
o
bond le n g th s  o f  1 .35A * These were ta k e n  as the  bond le n g th s  
in  th e  r in g  f o r  th e  p r e l im in a r y  w ork*
( i i )  M e th y l Group*
T a k in g  in to  c o n s id e ra t io n  th e  p o s s ib le  e f f e c t  o f  h y p e r-  
41c o n ju g a t io n  , i t  was d e c id e d  to  assume a bond le n g th  o f  
o
1.47A f o r  th e  bond l i n k in g  th e  m e th y l g roup  to  th e  r in g  as
42 38
in  durene and th e  m e th y l a c e ty le n e s
( i i i )  Cyano Group*
The ca rbon  to  n i t r o g e n  t r i p l e  bond le n g th  has been 
m easured in  m e th y l cyan ide^®  to  be 1.15A * S in ce  th e re  w ou ld  
be c o n ju g a t io n  o f  th e  cyano g rou p  w ith  th e  bonds o f  th e  r i n g ,  
the  bond l i n k in g  th e  cyano group to  the  r in g  was ta ke n  as 
1.47A*
69.
( iv ) »  The fo l lo w in g  d ia g ra m  shows th e  bond le n g th s  assumed in  
th e  m o le cu le  o f  2 :5  d ic y a n o  3 :6  d im e th y l p y ra z in e
N,
b ) .  F a c to rs  in d ic a t in g  p o s i t io n  o f  th e  m o le cu le  in  th e  u n i t  c e l l .
( i )  R e f r a c t iv e  In d ic e s .
S in ce  th e  v a lu e s  o f  th e  th re e  r e f r a c t i v e  in d ic e s  in  
d i r e c t io n s  p a r a l l e l  to  th e  u n i t  c e l l  axes were a p p ro x im a te ly  
e q u a l,  th e  m o le c u le s  were p ro b a b ly  in c l in e d  to  each o f  th e  
th re e  a x e s .
(ii) Dimensions *
The length of the molecule was 7.98$, the breadth was 
5.8, and the thickness was assumed to be 3.78^*
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The d im ens ions  o f  th e  u n i t  c e l l  c o n ta in in g  fo u r  m o le cu les  
w e re : a *  6.14.S, b = 8 .7 lS ,  c = 15 .43A .
Prom a c o n s id e ra t io n  o f  the se  d im e n s io n s , i t  was p o s s ib le  
to  p la c e  th e  m o le c u le s  w i t h  t h e i r  p la n e s  a p p ro x im a te ly  p e r ­
p e n d ic u la r  to  e i t h e r  th e  b o r  the o_ a x is .  In  o rd e r  to  
e s ta b l is h  w h ich  o f  th e se  a p p ro x im a te  o r ie n ta t io n s  was c o r r e c t ,  
a b r i e f  in v e s t ig a t io n  o f  b o th  (h ko ) and ( h o i)  zones was 
c a r r ie d  o u t .  Once th e  more re a so n a b le  o r ie n ta t io n  had been 
e s ta b l is h e d ,  a f u l l  in v e s t ig a t io n  o f  th e  c o rre s p o n d in g  zone
(hko ) o r  ( h o i)  w ou ld  be made, and the  re m a in in g  two zones
as
th e n  in v e s t ig a te d  u s in g /a  b a s is  th e  s t r u c tu r e  d e r iv e d  fro m  
th e  re f in e m e n t o f  th e  f i r s t  zone.
. . . . .  ... - . K
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A . In v e s t ig a t io n  o f  the  (hko ) Zone*
( 1 ) .  O bserved S t ru c tu re  F a c to rs *
The e s t im a t io n  o f  the  in t e n s i t ie s  o f  r e f le c t io n s  fro m  
p la n e s  in  the (hko ) zone was c a r r ie d  o u t by  th e  m u lt ip le  f i l m
o b ta in  a w ide  range o f  i n t e n s i t i e s ,  two m u lt ip le  f i l m  s e r ie s  
were ta k e n , the second h a v in g  an exposure com parab le  w i t h  t h a t  
o f  th e  w eakest f i l m  o f  th e  f i r s t  s e r ie s .  The range  o f  
i n t e n s i t ie s  was 2 , 0 0 0  to  1 , and 880 of  the  p o s s ib le  r e f le c t io n s  
were re c o rd e d .
These in t e n s i t ie s  were c o r re c te d  f o r  L o re n tz  and
p o la r is a t io n  fa c to r s  (P a r t  I ,  s e c t io n  A l ) ,  b u t a b s o rp t io n
c o r r e c t io n s  were n o t  n e c e s s a ry , s in c e  th e  c r y s ta ls  were o f
f a i r l y  u n ifo rm  c r o s s - s e c t io n .  The observed  s t r u c tu r e  f a c t o r ,
F , , was c a lc u la te d  fro mobs*
A l i s t  o f  c o m p a ra tiv e  s t r u c tu r e  fa c to r s  f o r  a l l  p la n e s  was 
p re p a re d . These s t r u c tu r e  fa c t o r s  were n o t  p la c e d  on an 
a b s o lu te  s c a le ,  b u t were s c a le d  by com parison  w i th  th e  
s t r u c tu r e  fa c t o r s  c a lc u la te d  f o r  t r i a l  s t r u c tu r e s .
( 2 )» T r i a l  S t r u c tu r e s .
o43(a ) Assum ing a p la n a r  m o le cu le  w i th  th ic k n e s s  3 .7A  , th e
t i l t  o f  th e  m o le cu le  to  the  c - a x is  was c a lc u la te d  to  be
4 x  3 .7  -  1 6 .4 ° .  T h is  may be made up o f  in c l in a t io n s  
^5 7 4 3
a lo n g  d i f f e r e n t  bonds as axes o r  o f  an i n c l i n a t io n  a b ou t one 
b o n d .
17te c h n iq u e  : th e  in t e n s i t ie s  were compared v i s u a l l y .  To
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(b ) A s tu d y  o f  th e  ob se rve d  s t r u c tu r e  fa c to r s  showed th a t  th e  
p la n e s  (2 0 0 ) , (2 7 0 ) ,  (2 8 0 ) , (210) were a l l  s t ro n g .  These 
co m p a ra tive  v a lu e s ,  to g e th e r  w i th  the  v a r ia t io n s  in  in t e n ­
s i t i e s  o f  th e  (hoo) and (o ko ) p la n es  were used i n  a tte m p ts
to  f i x  th e  p o s i t io n s  o f  th e  atoms i n  th e  u n i t  c e l l .
(c )  The method o f  p roce d u re  was as f o l lo w s :  A s c a le  d ra w in g
o f  the  (hko ) p r o je c t io n  p la n e  was made. A m odel o f  the  
p o s tu la te d  m o le cu le  was made in  m e ta l w i th  s m a ll h o le s  a t  th e  
p o s it io n s  o f  th e  a tom s. A p a r a l l e l  beam o f  l i g h t  was a llo w e d  
to  f a l l  on th e  m odel o f  th e  m o le c u le , and an image o f  the  
m o le cu le  p r o je c te d  on to  th e  d ra w in g  o f  th e  (h ko ) p r o je c t io n .  
The m odel c o u ld  be  t i l t e d  a t  any a n g le  and i n  any d i r e c t io n ,  
and i t s  p r o je c t io n  n o te d  on the  d ia g ra m  o f  the (hko ) p r o ­
je c t io n .  On t h is  d ia g ra m  were drawn the  tra c e s  o f  th e  s tro n g  
p la n e s  and o f  the  a x ia l  p la n e s , and the m o le cu le  moved so as 
to  s a t i s f y  th e  s t r u c tu r e  f a c t o r  v a lu e s  o f  these  p la n e s . When 
a s t r u c tu r e  was fo u n d  w h ich  gave good agreem ent between ob­
s e rve d  and c a lc u la te d  s t r u c tu r e  fa c to r s  f o r  these p la n e s , the
t h e o r e t ic a l  s t r u c tu re  fa c to r s  f o r  th e  re m a in d e r o f  th e  p la n e s
in  the (hko ) zone were c a lc u la te d .  I n  t h is  way, s e v e ra l 
s t r u c tu r e s  were in v e s t ig a te d ,  and a s t r u c tu r e  o b ta in e d  w h ic h  
gave 33% d is c re p a n c y , exp ressed  as
£ ( | p oba| ~ |F o a Ic | )
<  I f
^  I o b s ■
(5). Calculation of Theoretical Structure Factors.
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a ) .  The c a lc u la te d  s t r u c tu r e  f a c t o r  f o r  a p la n e  ( h k l)  when 
th e  space g roup  is  Pbca is  g iv e n  by
^Kk'd) " 8 cosZM U x -  l i )  cos 2TF (k vj -  I T  )  cos ^ IT  )
F o r p la n e s  in  th e  (h ko ) p r o je c t io n ,  t h is  reduces to
^kko) x & I f  c-os Zfl hx cos 27Tky whenJj'+J?
- t^ko) '  5,n sin ZTky when ^  - in4-}
where x , £  a re  the a to m ic  c o o rd in a te s
f  is  th e  a to m ic  s c a t t e r in g  f a c t o r .
b ) . The a to m ic  s c a t t e r in g  f a c t o r  was fo u n d  fro m  th e  a to m ic
s c a t t e r in g  cu rve  used in  th e  in v e s t ig a t io n  o f  th e  c r y s t a l
42s t r u c tu r e  o f  du rene  . T h is  s c a t te r in g  cu rve  was used 
th ro u g h o u t th e  p r e l im in a r y  in v e s t ig a t io n .
( 4 ) .  R e fin e m e n t b y  F o u r ie r  S y n th e s e s .
The s ig n s  o f  th e  s t r u c tu r e  fa c to r s  c a lc u la te d  f o r  the  
s t r u c tu r e  g iv in g  38$ d is c re p a n c y  were a l lo c a te d  to  th e  
c o rre s p o n d in g  obse rved  s t r u c tu r e  fa c to r s  and a F o u r ie r  s y n ­
th e s is  c a r r ie d  o u t p r o je c t in g  down th e  a -a x is  on to  th e  ( 1 0 0 ) 
p la n e .
F o r th e  pu rpose o f  the  c o m p u ta tio n , th e  a and b axes 
were d iv id e d  in to  s i x t ie t h s  w i th  ^Z qq = .1023A and ^ 6 0  = 
•1452$. The sum m ation was c a r r ie d  o u t o v e r one e ig h th  o f
th e  u n i t  c e l l  by ^ / g )  hy  means o f  R o b e rts o n f s s t r ip s
26w h ich  gave t h r e e - f ig u r e  a c c u ra c y  .
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The e le c t r o n  d e n s ity  c o n to u r  map drawn fro m  t h is  F o u r ie r  
sum mation showed p o o r r e s o lu t io n ,  and i t s  in t e r p r e t a t io n  was 
fo u n d  to  he im p o s s ib le .
I t  seemed, th e r e fo r e ,  t h a t  th e  m o le cu le  d id  n o t l i e  w ith  
i t s  p la n e  a p p ro x im a te ly  p e rp e n d ic u la r  to  the  c - a x is ,  and so 
th e  a l t e r n a t iv e  o r ie n t a t io n  was c o n s id e re d  by  in v e s t ig a t io n  
o f  th e  (h o i)  zone.
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B . Investigation of the (hoi) Zone.
( 1 ) O bserved S t ru c tu re  F a c to rs *
The in t e n s i t ie s  o f  th e  p la n e s  in  th e  (h o i)  zone were 
e s tim a te d  as in  th e  (h ko ) zone ( s e c t io n  A 1 ) .  The range o f  
i n t e n s i t ie s  was 2 , 0 0 0  to  1  and 6 6 $ o f  the  p o s s ib le  r e f le c t io n s  
were re c o rd e d .
Prom in t e n s i t i e s  c o r re c te d  f o r  L o re n tz  and p o la r is a t io n  
f a c t o r s ,  th e  ob se rve d  s t r u c tu r e  fa c to r s  were c a lc u la te d  fro m
A l i s t  o f  co m p a ra tive  ob se rve d  s t r u c tu r e  fa c to r s  f o r  a l l  p la n e s  
in  th e  ( h o i)  zone was p re p a re d . These were n o t  p la c e d  on an 
a b s o lu te  s c a le ,  b u t  s c a le d  l a t e r  by  com parison  w i t h  c a lc u la te d  
s t r u c tu r e  f a c t o r s .
(2 ) T r i a l  S t r u c t u r e s •
a ) . The t i l t  o f  th e  m o le cu le  to  the  b -a x is  was
ness 3 .7 $  ^ .
b ) .  The p la n e s  (2 0 0 ) , (2 0 6 ) , (4 0 6 ) , ( 2 ,0 ,1 6 ) ,  were s t r o n g ;  
th e re  was a c o n s id e ra b le  v a r ia t io n  i n  i n t e n s i t ie s  i n  th e  
s e r ie s  o f  p la n e s  (hoo) and ( o o l)  • These v a lu e s  were used in  
p la c in g  the  m o le cu le  i n  th e  p r o je c t io n .
c ) .  The p ro ce d u re  adop ted  was th e  same as in  s e c t io n  A 2 c . 
Two s e ts  o f  c o o rd in a te s  were n o te d  w h ic h  gave re a s o n a b le  
agreem ent f o r  th e  s tro n g  p la n e s  and the  a x ia l  p la n e s  and the
c o s *"1  2- *  A lZ  = 3 1 .8 ° assum ing a p la n a r  m o le cu le  o f t h ic k -
8 .7 1
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t h e o r e t ic a l  s t r u c tu r e  fa c to r s  were c a lc u la te d  f o r  each o f  
these  s t r u c tu r e s .  One gave a 31$ d is c re p a n c y  ( t r i a l  s t r u c tu r e  
2 1 ) ,  th e  o th e r  a 35$ d is c re p a n c y  ( t r i a l  s t r u c tu r e  4 0 ) .  The 
m ain d i f fe r e n c e  in  the  two s t r u c tu r e s  was the  in te rc h a n g in g  o f  
th e  cyano and m e th y l groups w i th  r e s u l ta n t  s m a ll d i f fe r e n c e s  
in  the  p o s i t io n s  o f  the  o th e r  a to m s .
S ince  a s t r u c tu r e  g iv in g  a re a son a b le  d is c re p a n c y  had 
been o b ta in e d , i t  was assumed t h a t  th e  m o le cu le  la y  w i th  i t s  
p la n e  a p p ro x im a te ly  p e rp e n d ic u la r  to  the  b - a x is ,  and so a 
f u l l  in v e s t ig a t io n  o f  th e  (h o i)  zone was made.
( 3 ) .  C a lc u la t io n  o f T h e o r e t ic a l S t ru c tu re  F a c to rs .
In  space g roup  5>]Dca, th e  s t r u c tu r e  f a c t o r  f o r  a p la n e
(h o i)  reduces  to
f\hol) s 8£fcos 2 /T/ix cos 2TT/z when = 2 n
^(w ) ~ 2 ukx sm Zlf-lz w h e n - Zn * I
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(4 ) F o u r ie r  R e fin e m e n t* 
a.) T r i a l  s t r u c tu r e  4 0 .
The s ig n s  o f  th e  s t r u c tu r e  fa c t o r s  c a lc u la te d  f o r  p la n es  
in  th e  (h o i)  zone were a l lo c a te d  to  th e  c o rre s p o n d in g  observed 
s t r u c tu r e  fa c to r s  and a F o u r ie r  s y n th e s is  c a r r ie d  o u t p r o ­
je c t in g  down th e  b - a x is  on to  th e  (010) p la n e  (F o u r ie r  1 ) .
F o r the  c o m p u ta tio n , b o th  a and c axes were d iv id e d  in t o  
s i x t i e t h s ,  a/6 0  ~ ‘ 1023^ and c/6 0  = . 2572A, and th e  sum mation 
c a r r ie d  o u t o ve r o n e -e ig h th  o f  th e  u n i t  c e l l  ( j |  by |.)  by 
means o f  R o b e rtso n *s  s t r i p s 2^ .
The e le c t r o n  d e n s ity  c o n to u r map drawn fro m  t h is  syn ­
th e s is  showed r e s o lu t io n  o f  o n ly  th e  two ca rbon  atoms o f  th e  
r i n g ;  th e  o th e r  atoms la y  so n e a r to  th e  g l id e  p lane  t h a t  
t h e i r  r e f le c t io n s  a c ro ss  th is  p la n e  c o a le s c e d . H ig h  peaks 
were obse rve d  a t  th e  p o s it io n s  o f  the  s id e  c h a in s ,  b u t th e re  
was l i t t l e  in d ic a t io n ,  e i t h e r  fro m  the h e ig h t  o r  th e  shape o f  
th e  peaks as to  w h ich  re p re s e n te d  th e  cyano and w h ich  r e ­
p re s e n te d  th e  m e th y l g ro u p s . A tte m p ts  to  f i n d  c o o rd in a te s  
w h ic h  gave b e t t e r  ag reem ent between ob se rved  and c a lc u la te d  
s t r u c tu r e  fa c t o r s  were u n s u c c e s s fu l.
S in ce  th e  m ain d i f f i c u l t y  in  in t e r p r e t in g  the F o u r ie r  
map a rose  fro m  th e  p o o r r e s o lu t io n  o b ta in e d  (o n ly  two o f  th e  
s i x  atoms i n  th e  asym m etric  u n i t  were r e s o lv e d ) , i t  was 
d e c id e d  to  a tte m p t re f in e m e n t by  an " e r r o r 11 s y n th e s is .  T h is  
method had been em ployed s u c c e s s fu l ly  i n  th e  e lu c id a t io n  o f
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the  s t r u c tu r e  o f  p e n i c i l l i n ^  where th e  r e s o lu t io n  o b ta in e d  
in  a n o rm a l F o u r ie r  s y n th e s is  was a ls o  p o o r.
In  th e  11 e r r o r ” s y n th e s is  th e  c o e f f i c ie n t s  o f  th e  no rm a l 
F o u r ie r  s y n th e s is  were re p la c e d  by th e  e x p re s s io n  ( F ^ g .  -  
p c a lc . ) >  i * s . ,  th e  d is c re p a n c y . As in  a n o rm a l F o u r ie r  
s y n th e s is ,  o n ly  those  p la n e s  were in c lu d e d  where th e  s ig n  o f  
th e  c o e f f i c ie n t  was re a s o n a b ly  w e l l  e s ta b l is h e d .  The com­
p u ta t io n  f o r  t h is  F o u r ie r  s y n th e s is  (F o u r ie r  2 ) was c a r r ie d  
o u t e x a c t ly  as in  F o u r ie r  1 and the  e le c t r o n  d e n s ity  mapped 
w i th  c o n to u r l in e s  drawn e v e ry  -J- e le c t r o n  p e r  $ .  T h is  gave 
some in d ic a t io n  o f  th e  re q u ire d  d i r e c t io n  o f  movement o f  the 
a tom s, b u t i t  was d i f f i c u l t  to  assess th e  m agn itude  o f  the  
movements, and no re f in e m e n t o f  th e  s t r u c tu r e  was o b ta in e d .
b ) T r i a l  s t r u c tu r e  21 .
The s ig n s  o f  the  s t r u c tu r e  fa c t o r s  c a lc u la te d  fro m  th e  
c o o rd in a te s  o f  t r i a l  s t r u c tu r e  2 1  were a l lo c a te d  to  th e  
c o rre s p o n d in g  observed  s t r u c tu r e  fa c to r s  and a F o u r ie r  s y n ­
th e s is  (F o u r ie r  3 ) c a r r ie d  o u t as in  F o u r ie r  1.
The e le c t r o n  d e n s ity  c o n to u r map ( f i g . 4 ) showed r e s o l ­
u t io n  o f  th e  two ca rbon  atoms o f  th e  p y ra z in e  r i n g .  The 
re m a in in g  atoms were n o t re s o lv e d , and the  s id e  c h a in s  c o u ld  
n o t be id e n t i f i e d  e i t h e r  fro m  th e  h e ig h t  o r  th e  shape o f  the  
p e a ks .
No im provem ent in  d is c re p a n c y  was n o te d  fro m  v a r io u s  
s e ts  o f  c o o rd in a te s  chosen fro m  t h is  e le c t r o n  d e n s ity  map, 
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F ig . 4 . 2 :5  D icyano 5 :6  D im e th y l P y ra z in e , F o u r ie r  3 .
P r o je c t io n  a lo n g  b - a z is .  Each c o n to u r l in e  re p re s e n ts  an 
e le c t r o n  d e n s ity  in c re m e n t o f  one e le c t r o n  p e r A .
The d^ne re p re s e n t in g  an e le c t r o n  d e n s ity  o r  one e le c t r o n  
p e r Ah is  d o t te d .
80.
The e r r o r  s y n th e s is  (F o u r ie r  4 ) was c a r r ie d  o u t as in  
the  case o f  F o u r ie r  2 . The e le c t r o n  d e n s ity  map ( f i g . 5) 
showed some in d ic a t io n s  o f  the d i r e c t io n  o f  th e  re q u ire d  move­
m e n ts , b u t m agn itude  o f  th e  movements was d i f f i c u l t  t o  e s t im a te .
15 1 1The h ig h  peak a t  x  = —  a , z = sug ges ted  t h a t  th e
ca rbon  o f  th e  m e th y l g roup s h o u ld  be moved q u ite  c o n s id e ra b ly  
in  t h i s  d i r e c t io n .  H ow ever, t h i s  meant t h a t  the  bond 
between th e  m e th y l g ro u p  and the  ca rb o n  atom  o f  the  r in g  
w ou ld  have had to  be g r e a te r  th a n  1 .5 4 ^ . The p o s s i b i l i t y  
t h a t  t h i s  peak was due to  th e  c o n t r ib u t io n  o f  th e  hyd rogen  
atoms o f  the  m e th y l g roup was th e re fo r e  c o n s id e re d . F o r a 
p r e l im in a r y  in v e s t ig a t io n ,  the  ” c e n tre  o f  g r a v i t y ” o f  th e  
hyd rog en  atoms was assumed to  be a t  th e  c e n tre  o f  th e  peak 
in  th e  d i f fe r e n c e  F o u r ie r .  The c o n t r ib u t io n  o f  th e  hyd rogen  
atoms f o r  any p la n e  was d iv id e d  by o n e - s ix th  compared w i t h  
th e  c o n t r ib u t io n  o f  th e  carbon atoms and in c lu d e d  in  th e  
g e o m e tr ic  s t r u c tu r e  f a c t o r  f o r  th a t  p la n e .
S tru c tu re  fa c to r s  c a lc u la te d  fro m  the  c o o rd in a te s  o f  
t r i a l  s t r u c tu r e  2 1  in c lu d in g  th e  hyd rog e n  atoms ( t r i a l  
s t r u c tu r e  40, .} showed a d is c re p a n c y  o f  2 5 .1 $ , i . e . ,  a de ­
cre ase  o f  5 .5 ^  r e s u l t in g  fro m  a c o n s id e ra t io n  o f  th e  c o n t r i ­
b u t io n  o f  th e  h yd rog en  a tom s.
I t  seemed, th e r e fo r e ,  th a t  th e  hyd rogen  atoms made a 
c o n s id e ra b le  c o n t r ib u t io n  to  th e  s t r u c tu r e  f a c t o r s .  T h is  
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2  A
F ig . 5 . 2 :5  D icyano  5 :6  D im e th y l P y ra z in e .
D if fe re n c e  F o u r ie r  -  F o u r ie r  4 . P r o je c t io n  a lo n g  b - a x is .  
Each c o n to u r l i n e  re p re s e n ts  an e le c t r o n  d e n s ity  in c r e ­
ment o f  one e le c t r o n  p e r 8  .
  re p re s e n ts  p o s i t iv e  e le c t r o n  d e n s ity  c o n to u rs .
  re p re s e n ts  n e g a t iv e  e le c t ro n  d e n s ity  c o n to u rs .
re p re s e n ts  one e le c t r o n  c o n to u r l i n e .
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d e n s ity  ro u n d  th e  m e th y l g roup ( f i g . 4 ) .  There a re  two s l i g h t  
i r r e g u la r i t i e s  in  th e  tw o - e le c t r o n  l in e  w h ic h  sug ges t th a t  
hyd rogen  atoms may l i e  th e r e .
F u r th e r  in v e s t ig a t io n  o f  t h i s  e f f e c t  is  r e q u ir e d ,  by 
f in d in g  th e  a c tu a l  p o s i t io n s  o f  th e  hyd rogen  atom s, and by 
use o f  a s e p a ra te  s c a t t e r in g  cu rve  f o r  th e  hyd rogen  a tom s.
T h is  i s  n e c e s s a ry , s in c e  the  s c a t t e r in g  power o f  hyd rogen  
decreases much more r a p id ly  w i t h  in c re a s in g  2 s in  0 v a lu e  
th a n  does th e  s c a t t e r in g  power o f  ca rb o n  o r  o f  n i t r o g e n .
I t  i s  hoped t h a t  f u r t h e r  re f in e m e n t by “ e r r o r ” syn th e se s  and 
by F o u r ie r  syn theses  may th e n  be s u c c e s s fu l.
A l i s t  o f  c a lc u la te d  and ob se rve d  s t r u c tu r e  f a c t o r s  
f o r  t r i a l  s t r u c tu r e s  21 and 40 is  g iv e n  in  A ppend ix  I I I ,  
T ab le  12 .
( 5 ) .  C o n c lu s io n s .
- The in v e s t ig a t io n  o f the ( h o i)  zone gave a s t r u c tu r e  
w h ich  showed a 3 0 .6 ^  d is c re p a n c y . T h is  d is c re p a n c y  decreased  
to  2 5 .1 $  when the  c o n t r ib u t io n  o f  th e  hyd rogen  atoms was ta ke n  
in to  c o n s id e r a t io n .  Some in d ic a t io n  o f  th e  p o s i t io n  o f these  
hydrogen atoms may be fo u n d  fro m  F o u r ie r  3 ( f i g . 4 ) ,  and a more 
d e ta i le d  in v e s t ig a t io n  o f  th e  e f f e c t  o f  th e  hyd rog en  atoms 
w i l l  be made. T h is  may th e n  a l lo w  re f in e m e n t by F o u r ie r  and 
11 e r r o r ”  syn th ese s  .
A p p e n d ix  I I I *
T a b les  o f  O bserved and C a lc u la te d  
S t ru c tu re  F a c to rs  *
84.
Tab le  12. O bserved and C a lc u la te d  S tru c tu re F a c to rs
(h o i)  zone
(h o i) 2 s in  0 T .S .o b s . ^ e a l c .
T
F  "Uo b s .
.S . 40
c a lc
002 .200 66 .2 8 2 .1 70 .5 6 6 .7
102 .321 7 .2 29 .4 7 .7 1 6 .8
004 .399 55 .5 -5 8 .2 59 .1 -5 9 .5
104 .471 9 .5 -5 .9 1 0 .1 9 .7
200 .501 80 .7 -8 3 .7 86 .2 -1 0 1 .2
202 .540 9 .7 -2 .6 10 .3 7 .1
006 .599 3 0 .0 2 4 .2 3 2 .0 3 5 .4
204 .641 3 1 .3 3 6 .7 3 3 .4 3 7 .9
106 .649 4 2 .3 -3 1 .5 4 8 .2 -3 8 .8
206 .781 50 .5 -4 4 .0 5 3 .8 -5 9 .5
008 .798 8 .9 - 3 .7 9 .5 -1 3 .4
108 .837 1 8 .1 -1 4 .9 19 .3 -1 6 .9
304 .851 10 .0 -2 .2 1 0 .6 -1 1 .3
. 208 .942 2 3 .5 -2 8 .1 2 5 .1 -2 4 .1
306 .961 1 8 .6 2 7 .1 19 .9 3 1 .6
00 ,10 .998 2 7 .0 -2 4 -0 2 8 .9 -2 0 .6
402 1.023 18 .1 -1 0 .0 16 .9 -1 4 .7
404 1 .079 6 .8 - 5 .5 7 .3 -6 .2
308 1.096 1 6 .7 26 .4 17 .8 3 6 .5
2 ,0 ,1 0 1 .117 7 .1 2 .4 7 .5 -0 .6
406 1 .168 2 8 .2 14 .5 3 2 .1 1 8 .9
00 ,12 1 .197 9 .3 15 .3 9 .9 7 .0
3 ,0 ,1 0 1 .249 12 .0 5 .1 12 .9 0 .9
408 1 .282 10*5 2 0 .8 11 .3 16 .2
2 ,0 ,1 2 1 .297 9 .9 -5 .9 10 .5 -7 .4
504 1.316 7 .6 3 .2 8 .1 7 .6
506 1 .389 12 .5 -4 .4 13 .3 -6 .7
00 ,14 1 .397 4 .7 6 .2 5 .0 2 .7
3 ,0 ,1 2 1.414 4 .7 -4 .2 5 .0 -0 .6
4 ,0 ,1 0 1.414 10 .2 8 .9 10 .9 11 .8
1 ,0 ,1 4 1 .419 1 0 .8 -1 7 .5 11 .5 -1 6 .0
508 1 .487 6 .2 -1 0 .7 6 .6 -1 1 .5
600 1.504 4 .6 -3 .0 4 .9 -6 .2
00 ,16 1 .5 96 10 .2 -9 .6 1 0 .9 -6 .8
1 ,0 ,1 6 1 .616 12 .5 -1 7 .2 13 .4 -1 5 .9
2 ,0 ,1 6 1 .672 1 1 .9 11 .2 12 .7 8 .4
608 1.703 6 .5 5 .7 7 .1 8 .5
5 ,0 ,1 2 1.733 6 .0 6 .5 6 .4 4 .0
3 ,0 ,1 6 1.765 5 .7 -0 .7 6 .0 -1 °  8
6 ,0 ,1 0 1.794 10 .3 -4 .7 10 .9 -5 .9
1 ,0 ,1 8 1.813 7 .5 -5 .9 8 .1 -8 .2
706 1.854 4 .3 -4 .9 4 .5 -3 .5
4 ,0 ,1 6 1.885 5 .0 -3 .7 5 .3 -1 .8
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